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ABSTRACT
Embryonic development entails a series of morphogenetic events which
require a precise coordination of molecular mechanisms coupled with cellular
dynamics. Phyla such as arthropods show morphological and gene expres-
sion similarities during middle embryogenesis (at the phylotypic germband
stage), yet early embryogenesis adopts diverse developmental strategies. In
an effort towards understanding patterns of conservation and divergence dur-
ing development, investigations are required beyond the traditional model
systems. Therefore, in the past three decades, several insect species repre-
senting various insect orders have been established as experimental model
systems for comparative developmental studies. Among these, the red flour
beetle Tribolium castaneum has emerged as the best studied holometabolous
insect model after the fruit fly Drosophila melanogaster. Unlike Drosophila,
Tribolium is a short-germ insect that retains many ancestral characters com-
mon to most insects. The early embryogenesis of Tribolium shows dynamic
epithelial rearrangements with an epibolic expansion of the extraembryonic
tissue serosa over the embryo, the folding of the embryo in between the serosa
and the second extra embryonic tissue amnion and the folding of the amnion
underneath the embryo. These extensive tissues are evolutionarily conserved
epithelia that undergo different tissue movements and are present in varying
proportions in different insects, providing exceptional material to compare
and contrast morphogenesis during early embryogenesis. However, most of
the previous work on insects including Tribolium have largely focused on the
conservation and divergence of gene expression patterns and on gene regula-
tory interactions. Consequently, very little studies on dynamic cell behaviour
have been done and we lack detailed information about the cellular and tissue
dynamics during these early morphogenetic events.
During my PhD, I first established a live imaging and data analysis pipeline
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for studying Tribolium embryogenesis in 4-D. I combined live confocal and
lightsheet imaging of transgenic or transiently labelled embryos with mechani-
cal or genetic perturbations using laser ablations and gene knockdowns. Using
this pipeline quantifications of cell dynamics and tissue behaviours can be
done to compare different regions of the embryo as the development proceeds.
In the second and third part of my thesis, I describe the actomyosin dy-
namics and associated cell behaviours during the stages of serosa epibolic
expansion, amniotic fold formation and serosa window closure. I cloned and
characterised the cellular dynamics of the Tribolium spaghetti squash gene
(Tc-squash) - the non-muscle Myosin II regulatory light chain, which is the
main molecular force generator in epithelial cells. Interestingly, the analysis
of Tc-squash dynamics indicates a conserved role of Myosin II in controlling
similar cell behaviours across short germ and long germ embryos.
In the last part of the thesis, I report the dynamics of an actomyosin cable
that emerges at the interface of the serosa and amnion. This cable increases
in tension during development, concomitant with serosa tissue expansion and
increased tensions in the serosa. It behaves as a modified purse string as
it’s circumference shrinks due to a decrease in the number of cable forming
cells over time. This shrinkage is an individual contractile property of the
cells forming the cable. This indicates that a supracellular and contractile
actomyosin cable might be functional during serosa window closure in insects
with distinct serosa and amnion tissues. Further, the tension in the cable
might depend on the relative proportion of the serosa, amnion and embryonic
regions.
Using these integrated approaches, I have correlated global cellular dy-
namics during early embryogenesis with actomyosin behaviours, and then
performed a high-resolution analysis and perturbations of selected events.
The established imaging, image processing and perturbation tools can serve
as an important basis for future investigations into the tissue mechanics un-
derlying Tribolium embryogenesis and can also be adapted for comparisons
of morphogenesis in other insect embryos. More broadly, correlating the ex-
isting genetic, mechanical and biochemical understanding of developmental
processes from Drosophila with species such as Tribolium, could help identify
deeply conserved design principles that lead to different morphologies through
differences in underlying regulation.
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"Well, in our country," said Alice, still panting a little,
"you’d generally get to somewhere else if you run very fast for a long time, as we’ve been doing.".
"A slow sort of country!" said the Queen.
"Now, here, you see, it takes all the running you can do, to keep in the same place.
If you want to get somewhere else, you must run at least twice as fast as that!"
– Lewis Caroll’s Through the Looking Glass
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INTRODUCTION
The marvellous orchestration of precise developmental events during
embryogenesis has remained fascinating for centuries. To add to that, the re-
markable diversity in early embryogenesis and in adults of different organisms
increases the fascination of development. Through decades of research, what
emerged is a picture of general principles that guide morphogenesis during
development. Very similar to the art of ’Origami’ where a combination of paper
folds can create diverse outputs, the formation of diverse morphologies during
embryogenesis can be attributed to ’embryonic origami’. However, in case of
living systems, the paper folds are replaced by tissue folding, extensions, cell
divisions, cell shape changes and other morphogenetic events. Several inverte-
brate, vertebrate and plant species have been established as model systems to
study tissue morphogenesis. Extensive studies have examined conservation
and novel interactions of gene regulatory networks in these systems. These
studies were then complemented with descriptions of cell behaviour to link
gene expression with tissue morphology. The focus has then shifted to under-
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standing tissue morphogenesis in terms of biomechanics, that is, proteins that
function in force production in cells and the response of tissues to such forces.
Current studies are bridging scales to understand how the gene expression
information is translated into mechanical outputs of changing cell shapes by
the activity of generic effector proteins.
The next and most recent dimension in deciphering the generation of biolog-
ical form, is to combine the knowledge from various levels and organisms and
start understanding the evolution of morphogenetic mechanisms. Although
most of the previous work in this direction focused on the traditional model sys-
tems such as Drosophila melanogaster, Xenopus laevis, zebrafish and mouse,
interest in the field of evo-devo has led to establishment of several new species
as model organisms. The comparison of new species is offering insights into
changes in gene expression patterns, functions and of regulatory mechanisms
in creating diversity. Finally, the establishment of live imaging tools and mi-
croscopy has finally made comparison of morphogenetic cell behaviours across
species and associated protein functions, possible.
With an interest in evolution of morphogenesis, during my PhD, I have
striven to elucidate the mechanisms of morphogenesis that eventually change
the 3-Dimensional organization and shape of embryos between species. Mor-
phological diversity is largely attributed to changes in expression of function-
ally conserved proteins [Carroll, 2008]. The expression patterns of regulatory
genes and gene functions show both conserved as well as divergent behaviours
between insect embryos. However, whether and how changes in expression
patterns of regulatory genes modulate the activity of proteins that are involved
in morphogenesis and change the subsequent cellular dynamics is not clear.
I have focused on the early embryogenesis of the red flour beetle Tribolium
castaneum, which is a well-established insect system for understanding gene
functions during embryonic development and have compared tissue morpho-
genesis between the fly and the beetle to provide an evolutionary perspective.
My approach combines studying protein behaviour (actomyosin dynamics)
in the context of changing cellular morphologies (cell shape changes) and
2
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correlating it with regulatory gene functions. I have used state of the art 4D
microscopy, live imaging and biophysics to understand the tissue mechanics
during Tribolium development. Together these approaches aim at giving a
holistic picture of the various mechanisms of morphogenesis which play a role
in beetle embryogenesis and in future this information can then be expanded
to other insect model systems for a comprehensive evolutionary development
comparison.
1.1 Evo-Devo of insects
The last twenty years have witnessed the rapid growth of a new approach to
understanding the evolution of organismal form. The main focus of this field of
Evolutionary Developmental Biology, or ‘Evo-Devo’, has been the comparison of
developmental genetic mechanisms at different taxonomic levels ranging from
intra-species microevolutionary comparisons to large-scale macroevolutionary
comparisons across phyla [Arthur, 2002]. From the very beginning, arthro-
pods represented the most fertile ground to understand how developmental
mechanisms evolve to generate new body plans [Akam, 2000]
Arthropods exhibit a dramatic diversity in their lifestyles and associated
morphologies and developmental strategies, offering rich raw material for
Evo-Devo comparisons. Insects are the most speciose group of arthropods (and
animals) with a catalogued number of 925,000 species (estimated number of 5
million or more) accounting for more than 80% of all known animal species
(Grimaldi/Engel, Book: Evolution of the Insects). Recent phylogenomic studies
have suggested that insects (and hexapods) comprise a monophyletic group
that originated about 480 million years ago from a common crustacean ancestor
[Misof et al., 2014]. In fact, several independent analyses have identified some
cave-dwelling crustaceans, the remipedes, as the closest extant relatives of
insects.
Insect Evo-Devo is strongly supported by the availability of an extensive
bibliography on the embryogenesis of all insect orders spanning more than
3
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Figure 1.1: Phylogeny of arthropods Arthropod species belonging to different orders which
have been established as experimental model systems are shown.
150 years (Book: Developmental Systems: Insect edited by Counce & Wadding-
ton), together with the history of technological innovations and fundamental
discoveries using the fly model system Drosophila melanogaster [Bilder and
Irvine, 2017]. The Evo-Devo field was marked by the introduction of powerful
and versatile technologies that are applicable to a wide range of species and
that have narrowed the technological gap between Drosophila and several
emerging arthropod and insect experimental organisms [Gilles and Averof,
2014]. These advances enabled to study the function of widely conserved genes
4
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in diverse arthropods, to study biological processes that are not present or
accessible in Drosophila and to conduct unbiased genome-wide screens to
identify novel gene functions in emerging model systems.
The emerging non-insect arthropod models, which have attracted relatively
more attention and are supported by a growing number of experimental tools
and resources include the spider Parasteatoda tepidariorum, the centipede
Strigamia maritima, and the crustacean Parhyale hawaiensis. The most
promising emerging insect models that are representative of the various insect
orders are the cricket Gryllus bimaculatus (order Orthoptera), the milkweed
bug Oncopeltus fasciatus (order Hemiptera), the wasp Nasonia vitripennis
(order Hymenoptera), the honeybee Apis mellifera (order Hymenoptera), the
cockroach Periplaneta Americana (order Blattodea), and the beetle Tribolium
castaneum (order Coleoptera) [Schmidt-Ott and Kwan, 2016a]. All these
species have been put forward as favourable developmental genetic systems to
study the expression and function of developmental patterning genes. Impor-
tantly, some of these emerging models like Parhyale, Gryllus and Tribolium
are not only genetically but also optically tractable, thus enabling to also study
in live embryos the molecular and cellular dynamics responsible for tissue and
organ morphogenesis. My PhD work concentrated on early embryogenesis of
the the red flour beetle Tribolium castaneum (Fig 1.3, A), which is arguably
the next best studied insect and arthropod model system after Drosophila
melanogaster.
1.2 Tribolium castaneum
Compared to Drosophila, Tribolium is a more basally branching holometabolous
insect belonging to the most diverse insect order, the Coleoptera (about 350,000
described species). Starting with the seminal work by the geneticist Alexan-
der Sokoloff in the 1960s, Tribolium has become an increasingly popular and
powerful system for studies of agricultural pest control and developmental
genetics [Sokoloff, 1966]. It is easy to maintain in laboratory cultures on a
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wheat flour diet and has a short life cycle of 24 days at 32◦C (Fig 1.2) [Gregor,
2009] . Tribolium is amenable to both forward and reverse genetic approaches
[Beeman et al., 1989; Posnien et al., 2009; Sulston and Anderson, 1996], its
genome is sequenced and resources for genome-wide research are available
[Brown and Denell, 1996; Brown et al., 1993; Richards et al., 2008; Trauner
et al., 2008]. Several methodologies and protocols established in Drosophila
have been also applied in Tribolium, enabling the rigorous comparison of
molecular and cellular mechanisms operating during development of the two
species. Gene expression can be studied in fixed specimens by immunohis-
tochemistry and in situ hybridisation [Schinko et al., 2009]. Gene functions
can be knocked-down with very high efficiency in embryos, larvae and pupae
including on a genome-wide scale with systemic RNA interference (RNAi)
(iBeetle screen) [Posnien et al., 2009; Schmitt-Engel et al., 2015]. A number of
transposon based systems have been tested successfully in Tribolium allowing
the development of diverse transgenic approaches, like heat-inducible and bi-
nary UAS/Gal4 mis-expression systems and a large collection of enhancer trap
lines providing valuable cell and tissue markers is available [Lorenzen et al.,
2003; Pavlopoulos, 2004; Schinko et al., 2012, 2010]. Also, CRISPR/Cas9-based
knock-out and knock-in approaches allow the efficient targeted modification of
the Tribolium genome [Gilles et al., 2015]. Fluorescent live imaging has been
made possible thanks to an increasing number of stable transgenic lines and
transient method for fluorescent labelling of various cellular compartments
[Benton et al., 2013; Hilbrant et al., 2016; Sarrazin et al., 2012; van Drongelen
and Vazquez-Faci, 2017].
Importantly, Tribolium retains several characters that make it a better
representative of insect development. Unlike the long-germ Drosophila embryo,
the Tribolium embryo exemplifies the short-germ type that is considered the
ancestral state of insect embryogenesis [Anderson, 1972; Counce, 1961; Davis
and Patel, 2002; Lynch et al., 2011; Schmidt-Ott and Kwan, 2016b; Stern,
2004]. In Tribolium, after fertilization of the egg, several rounds of nuclei
division occur followed by nuclear migration to the surface of the egg forming
6
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Figure 1.2: Life cycle of Tribolium castaneum. Life cycle of the red flour beetle Tribolium
castaneum at 32C is shown. The adults take about two days for reproductive maturation
and lay eggs. Embryogenesis lasts for 3 days followed by hatching of the larvae. The larvae
undergo 5 molts lasting 14.5 days followed by metamorphosis in the pupae for another 4.5
days. The adults then undergo eclosion from the pupae.
a uniform blastoderm. This is followed by cellularisation and cell divisions
forming a differentiated blastoderm. The embryo specifies only the anterior
head and thoracic segments at the blastoderm stage, while the posterior
abdominal segments are added sequentially from a posterior ‘segment-addition
zone’ during later embryogenesis. Additionally, only a part of the blastoderm
epithelium forms the embryo proper and the rest of the blastoderm gives rise
to two extraembryonic tissues- the amnion and the serosa (Fig 1.3). The early
embryonic development of Tribolium castaneum has been previously described
in detail with light and electron microscopy [Benton et al., 2013; Handel et al.,
2000]. It can be divided into a number of landmark events for convenient
staging and comparison across embryos, as listed below (Fig 1.3):
• Syncytial cleavage stage: The Tribolium egg is surrounded by a trans-
7
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parent vitelline membrane and an opaque chorion. Fertilization of the
egg is followed by a rapid sequence of synchronous nuclear divisions
which are not accompanied by cytokinesis. The nuclei then move out-
wards and populate the egg cortex forming the syncytial blastoderm,
where nuclei are contained within a common cytoplasm.
• Formation of uniform blastoderm: After 12 rounds of synchronous
nuclear divisions are complete, the cortical nuclei become enclosed by
membranes during the interphase of the 13th cycle giving rise to a
cuboidal epithelial monolayer known as the uniform blastoderm.
• Blastoderm Differentiation: The uniform blastoderm divides into an
anterior cap of extraembryonic primordium forming the serosa tissue.
The posterior two-thirds of the blastoderm gives rise to the embryonic pri-
mordium and a second extra-embryonic membrane, the amnion. Unlike
the serosa cells that do not divide and become polyploid, the embryonic
cells undergo a 13th round of asynchronous cell divisions. Moreover, the
serosa cells start becoming squamous (shorten along their apical-basal
axis) as they start their epibolic expansion over the egg surface, while
the embryonic cells become columnar (lengthen along their apical-basal
axis) followed by the embryonic condensation ventrally.
• Primitive pit and posterior amniotic fold formation: During the
onset of blastoderm differentiation, the posterior pole becomes slightly
flattened and detaches from the vitelline membrane forming the primi-
tive pit. Later on, starting from this region the embryonic primordium
folds on itself forming the posterior amniotic fold.
• Formation of the serosa window: In tight association with the pro-
ceeding serosa epiboly and embryo condensation, the posterior amniotic
fold expands laterally (horseshoe amniotic fold) and then anteriorly (oval
amniotic fold). The oval amniotic fold creates an open space at the ventral
side on the embryo known as serosa window.
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Figure 1.3: Early embryogenesis of Tribolium castaneum. A) Schematics illustrate
the stages in early Tribolium castaneum embryogenesis. The three different tissues, serosa,
amnion and embryo are indicated
• Gastrulation (Mesoderm invagination): In parallel with amniotic
fold progression, the future mesodermal cells internalise along the ven-
tral midline of the condensing embryo with a posterior to anterior pro-
gression.
• Serosa window closure: The serosa window contracts and closes com-
pletely, thereby separating the thin outer serosa envelope from the inner
amnion that covers the germband (gastrulating embryo) ventrally. The
internalized germband extends in the anterior posterior direction as the
remaining segments are formed sequentially.
In my imaging studies, I have covered all the processes taking place from
blastoderm cellularisation up to serosa window closure, spanning about 6
hours of development at 32◦C from 9 to 15 hours after egg lay (AEL). For ease
of reference, I will be referring to these stages of Tribolium embryogenesis in
the results sections of the thesis (summarized in the schematic of Fig 1.3).
9
CHAPTER 1. INTRODUCTION
1.3 Fluorescence live imaging and lightsheet
microscopy
Fluorescence live imaging to study developmental dynamics has become a
routine approach, since it offers powerful approaches to perform quantitative
studies on the structure and function of cells in intact embryos [Pantazis and
Supatto, 2014]. Depending on the spatial and temporal requirements and the
signal-to-noise ratio needed, morphogenetic processes can be imaged in vivo
with a broad range of fluorescence microscopy modalities, ranging from wide-
field and laser scanning microscopy (confocal, spinning disc or two-photon) to
the various super-resolution optical techniques [Combs, 2010; Ettinger and
Wittmann, 2014; Schermelleh et al., 2010; Stelzer et al., 1991; Thorn, 2016].
Optical sectioning in fluorescence microscopy increases the spatial reso-
lution. It allows for imaging of a single region of a live sample, analogous to
physical sections of a fixed tissue [Conchello and Lichtman, 2005]. Optical
sectioning can be achieved by collecting fluorescence from a small region of
a sample that is completely illuminated (in case of confocal point scanning
systems) or by illuminating a small region of the sample and collecting the
data (in case of lightsheet microscopy).
Confocal microscopy (CLSM), utilising the point scanning or spinning disc
method, is probably the most popular method for studying molecular and cellu-
lar dynamics during development. In CLSM, optical sectioning is achieved by
using a pin hole placed in the detection path, which rejects out of focus light
and its size controls the thickness of the optical section acquired [Conchello
and Lichtman, 2005; Stelzer et al., 1991]. This results in higher spatial resolu-
tion compared to epifluorescence and widefield systems. Additionally, various
experimental implementations of CSLM are available such as fluorescence
resonance energy transfer (FRET), fluorescence correlation spectroscopy (FCS),
fluorescence recovery after photobleaching (FRAP) and photoablations [Med-
ina and Schwille, 2002; White and Stelzer, 1999]. Further, the possibility to
acquire multiple channels and image several samples together in confocal
10
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systems increase their applications.
In recent years, it has become possible to study embryonic development of
non-model arthropod species using CLSM live imaging [Benton et al., 2013;
Sarrazin et al., 2012]. This relies on generation of transgenic lines with labelled
nuclei, membranes and other cytoskeletal or subcellular proteins, using trans-
poson mediated transgenesis or more recently, CRISPR/Cas mediated knock in
[Gilles and Averof, 2014; Gilles et al., 2015]. Alternatively, transient labelling
by injection of mRNA which codes for fluorescent proteins or use of fluorescent
dyes circumvents the need for transgenics [Benton et al., 2013]. A description
of cell and tissue dynamics during early embryogenesis of Tribolium was pro-
vided using a point scanning confocal system in transiently labelled embryos
[Benton et al., 2013]. Multiple embryos were imaged together at single cell
resolution in wildtype as well as gene knockdown conditions, to provide a
qualitative description of early embryogenesis. As the next step in studying
cellular dynamics and proteins involved, I have expanded the implementa-
tions of fluorescence microscopy to study Tribolium embryogenesis. I have
used the FRAP assay to estimate protein dynamics during development and
photo ablations to measure tensions in a tissue. Therefore, the superior lateral
resolutions, the possibility to image several samples together and the various
photo-manipulations in confocal systems make them suitable for describing
molecular and cellular dynamics in Tribolium. A comparison of fluorescence
microscopy methods that I used for studying Tribolium embryogenesis is
provided in table 1.1 [Huisken and Stainier, 2009].
However, in confocal microscopes the entire sample is illuminated by lasers
while imaging. This often results in high phototoxicity and photobleaching
of signal which limits the use of confocal microscopy to shorter time scales,
usually up to a few hours [Icha et al., 2017; Laissue et al., 2017]. Additionally,
there is limited light penetration due to scattering and non-transparent tissues
and acquisition rates are also slower in point scanning. The speed limitation
is overcome in spinning disc confocal microscopes while two photon systems
allow for increased resolution in deeper tissue layers and lesser phototoxicity
11
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Figure 1.4: Fluorescence microscopy. (A) Illustrations of widefield microscopy, confocal
microscopy and lightsheet microscopy principles. The illumination and acquisition objective
are the same in case of widefield and confocal microscopy. The sample is illuminated by a
cone of light. A thin lightsheet is created by the illumination objectives which are arranged
perpendicular to the acquisition objective in Selective plane illumination microscopy. The
sample is suspended in an agarose column and immersed in a buffer.
as only a small region is exposed [Helmchen and Denk, 2005]. This in turn
can also be detrimental at longer time scales as it produces heat. Thus, the
applications of CLSM based microscopes is limited for studying embryogenesis
in toto (complete and total), at high resolutions as well as over several hours
to days [Huisken and Stainier, 2009].
The introduction of lightsheet microscopy is another milestone in live imag-
ing analysis of developmental processes [Huisken et al., 2004]. In contrast to
widefield and confocal systems, in the various versions of lightsheet microscopy,
only a small volume of the sample is illuminated using a lightsheet that moves
back and forth across the sample [Huisken et al., 2004; Keller et al., 2008].
The principles of widefield, confocal and lightsheet microscopy are illustrated
in Fig 1.4. In the selective plane illumination (SPIM) version of lightsheet
microscopy, the lightsheet is produced by a pair of illumination objectives
which are situated perpendicular to the imaging objective. This allows for
optical sectioning by only exciting fluorophores in a relatively thin region of
12
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Properties Epifluorescence
Confocal
(Zeiss 710,
LSM 880)
Zeiss LZ1 SPIM
Illumination
Uniform,
illumination,
entire sample
Point focus and
acquisition,
entire sample
Dual side
illumination, small
volume of sample
X-Y res poor Best Intermediate
Z res poor Intermediate
Isotropic x-y-z
(Multiview)
Photo damage High High Very low
Speed - Slow Fast
Sample number
Multiple
samples can
be scanned
Multiposition
possible
Low, 1-2 embryos
Multiview No No Yes
Photo
Manipulations
No Yes No
Z depth (Depth
of field)
- 80-90 µm 150 µm
Scattering High Low Low
Usage
Quick
screening of
sample
Photoactivation,
Laser ablation,
short timelapses,
Higher res.
images
Long timelapses of
development, full 3D
reconstruction of
entire embryos
possible
Table 1.1: Comparison of Zeiss point scanning Confocal and SPIM systems
the sample. It also reduces phototoxicity as only a thin region of the sample
is illuminated. The lightsheet is placed at the focus of the detection objective.
The thickness of the lightsheet determines the thickness of the optical section.
Fluorescence from the entire illuminated volume is collected by a camera
which allows for very fast imaging. Such arrangement is unlike the traditional
fluorescence microscopes in which a single objective serves the purpose of
illumination as well as acquisition [Huisken et al., 2004; Pitrone et al., 2013].
Lightsheet imaging allows for long-term imaging of sample up to a few
13
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days due to reduced phototoxicity [Chhetri et al., 2015; Keller and Stelzer,
2008; Tomer et al., 2011]. Additionally, it is possible to acquire images from
multiple angles (usually referred to as views), by rotating the sample which
is suspended in the center of the imaging chamber. The aligning of multiple
views through image registration and subsequent fusion of z stacks collected
from different angles, allows for complete 3-D reconstruction of embryos. The
post processing, combined with advanced data analysis, now allows for visuali-
sation of complete embryogenesis, segmentation and analysis of all the cells
in the embryo lineage reconstructions of all cells and nuclei and other such
system level measurements [Amat et al., 2015, 2014; Khairy and Keller, 2011;
Stegmaier et al., 2016]. With increased generation of complete descriptions
for different organisms, it would become possible to describe development
at any stage in its entirety and also study provide detailed analysis of gene
knockdown conditions.
Lightsheet microscopy has been adapted to image the entire embryonic
development of Tribolium [Hilbrant et al., 2016; Strobl and Stelzer, 2014].
The low phototoxicity and special sample embedding ensured normal embryo
development which could hatch and develop into fertile adults. This imaging
technique, however, did not utilise the multiview fusion modality for 3D recon-
struction of Tribolium. Also, only the available transgenic line (EFA::nGFP,
[Sarrazin et al., 2012]) was imaged to describe embryogenesis. It is however,
possible to image dual channels with nuclei and membrane labels through
transient labelling. Therefore, for a complete and quantitative analysis of
tissue morphogenesis in the entire embryo, a lightsheet imaging pipeline in-
corporating transient labelling, multiview data acquisition, fusion and data
analysis needs to be established. This can be achieved by adapting the various
available methods for SPIM data analysis for Tribolium embryogenesis as well
as building new image analysis tools for specific questions. This could allow
for measurements of various morphogenetic mechanisms over the course of
Tribolium development, such as, apical constrictions, change in tissue density
and cell areas, cell divisions and lineages and calculating optical movements
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of the embryonic tissues.
1.4 Morphogenesis
The first observable event during embryogenesis is the division of a single
fertilised cell into several cells that coordinate and eventually give rise to
shapes. C.H Waddington in his book Principles of embryology, 1956 wrote that
"three main processes are seen during embryogenesis. First is the histological
differentiation, which is the gradual change in the nature of a mass of living
matter such as cells. Second is the arising of differences between various parts
of an embryo. This spatial differentiation is also termed as regionalization
or segregation. The third is the moulding of a mass of tissue into a coherent
structure, which has a unitary character of its own, usually recognized by
giving it a name as an anatomical organ". He then goes on to define this
moulding as morphogenesis or the “forming of a mass of cells into a new shape
is known as morphogenesis. The morphogenesis of an organ is accompanied by
tissue differentiation and often by the appearance of distinct spatial subunits
(regionalization)" [Book: Principles of embryology, C.H. Waddington, 1956].
Several morphogenetic processes are seen during embryogenesis. The ini-
tial mass of cells assembles into tissues, which are remodelled to generate
various shapes and form organs. In most insects, a monolayerd epithelium is
formed at the blastoderm stage. This layer undergoes various foldings to form
the three germ layers through the process of gastrulation [Pilot and Lecuit,
2005]. During my PhD, I have focused on morphogenetic mechanisms that
remodel the epithelial tissues formed at the blastoderm stage during early
embryonic development of Tribolium.
Epithelial tissue
The epithelium is one of the four major tissues in animals and is also the
most abundant, lining the cavities and surfaces of blood vessels and organs
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throughout the body. Epithelial cells can be squamous, cuboidal or columnar
based on their shape and can be arranged in a single layer (simple epithelium)
or multiple layers (stratified epithelium) [Fristrom, 1988]. The epithelial cells
are connected to each other via cell-cell junctions. These allow formation of
membrane like epithelium tissues and are also required for force transmission
across an epithelium. The epithelial cells are polarised cells and exhibit two
types of spatial coordinate system- apico-basal polarity and planar polarity
[Guillot and Lecuit, 2013; Lecuit and Le Goff, 2007].
The epithelium serves as a strong barrier to the external environment. This
requires epithelia to have high resistance to environmental stresses. Epithelial
tissues can respond to an external stress in various ways. If a stress, such
as a pull by the adjoining tissue, is applied for a short while, epithelial cells
can stretch. This involves a change in the aspect ratio of cells depending on
the direction of the stress. However, the cellular junctions and neighbours are
maintained. This ability to stretch depends on the intercellular adhesion and
also on the active contribution by the contractile cell cortex. If the stress is
applied for longer time scales, epithelial cells exhibit fluidic behaviour. This
requires neighbour exchange by cells through junction remodelling and cell
intercalations [Guillot and Lecuit, 2013].
Epithelia can exhibit diverse sheet like behaviours, such as folding, stretch-
ing and tissue separations. During embryogenesis in syncytial insects like
Tribolium and Drosophila, initially a single layer of epithelium surrounds the
yolk and it later rearranges to form the germ layers. In Drosophila epithelium
folding happens during gastrulation and cephalic furrow formation, epithe-
lium stretching is seen during the formation of the dorsal amnioserosa and
epithelial tissue separations are seen at parasegment boundaries [Guillot and
Lecuit, 2013; Lecuit and Le Goff, 2007]. In Tribolium epithelium stretching
happens in the serosa and epithelium folds are seen at the posterior pole and
in the ventral furrow, however, the molecular mechanisms of these behaviours
are unknown.
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Molecular force generators
Actin is a family of globular proteins that can polymerise to form microfil-
aments. These filaments are part of the cellular cytoskeleton and can also
function in force generation in muscle sarcomeres and in the cortex of non-
muscle cells [Lecuit and Lenne, 2007]. The actin filaments can behave in
a contractile manner upon the activity of the molecular motor myosin. The
Myosin family of motor proteins binds to actin filaments [Hartman and Spu-
dich, 2012]. Some if its members like the non-muscle Myosin II can also form
filaments, that pull onto actin and together the contractile actomyosin appara-
tus is the major force generator in epithelial cells. The cellular organisation
of actin cortex, Myosin filaments and junction proteins is illustrated in Fig
1.5. Actin forms different types of networks- isotropic, branched or bundled
networks depending on the cross linkers and associated proteins [Bieling et al.,
2016; Munjal and Lecuit, 2014]. These networks are pulled by the Myosin
filaments to generate contractility at the cortex.
The cells are attached to neighbour cells via cell-cell junctions such as the
adherens junctions and to the extra cellular matrix via integrins. The subcel-
lular forces generated in single cells by actomyosin contractility is transmitted
in a tissue from cell to cell through junctions [Lecuit and Le Goff, 2007; Lecuit
and Lenne, 2007; Munjal and Lecuit, 2014].
The activity of myosin, and the actomyosin mediated contractility in cells,
is regulated through a conserved signalling pathway which involves the small
GTPase RhoA. Rho1 activates the Rho associated kinase, ROK, which activates
Myosin by phosphorylating the Myosin regulatory light chain (MRLC) and
inhibiting the Myosin phosphatase. This is a highly conserved signalling
pathway that is under the regulation of membrane proteins which also set up
polarity in epithelial tissues [Harris, 2017; Munjal and Lecuit, 2014]
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Figure 1.5: Molecular force generating machinery in cells. Illustration shows the cel-
lular localisation of the contractility machinery. The actin networks are organised at the cell
cortex and Myosin II forms filaments that bind to the actin networks. The cells attach to the
extracellular matrix via integrins and adherens junctions function in cell-cell contacts.
Epithelial Polarity
The epithelial cells are able to self-organise into sheets with the apical areas
of all cells facing one side due to setting up of the apico-basal polarity [Flores-
Benitez and Knust, 2016; Tepass, 2012]. Orthogonal to the apico-basal polarity,
the planar polarity is defined [Zallen, 2007]. Both of these systems lead to
asymmetries in the tissue which is required for structuring and global shaping
and are highly conserved across cell types in animals [Hale and Strutt, 2015;
Johnston and Sanson, 2011]. The cell polarity pathways regulate the activity of
actomyosin and therefore, play an important role in epithelial morphogenesis
[Umetsu and Kuranaga, 2017].
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Apico-basal polarity
Four different domains can be identified in epithelial cells- apical, junctional,
lateral and basal. These domains are defined by specific and asymmetric
localisation of various molecules [Johnston and Sanson, 2011]. The apical
domain in many epithelial cells is identified by the localisation of crumbs
protein. The internal FERM binding domain of crumbs brings moesin and BH-
spectrin to the apical membrane. Its C-terminal PDZ-binding motif binds to
Stardust, PatJ, PAR-6 and atypical protein kinase C (aPKC), together forming
the apical complex. This complex probably also includes active Cdc42. The
apical complex excludes Bazooka (Baz)/PAR-3 from the apical surface. This
limits the extent of the intercellular junctions to the apical side of the lateral
domain [Flores-Benitez and Knust, 2016; Johnston and Sanson, 2011; Tepass,
2012].
Intercellular junctions that form between cells are the tight junctions in
mammals and the adherens junctions in Drosophila. The position of Baz/PAR-3
determines the extent of intercellular junctions as it associates directly with
Echinoid and Armadillo in Drosophila, Nectin1 & 3 and JAM1-3 in mammals
[Tepass, 2012]. These are the components of the cell adhesion complexes
that form the junctional domain at the boundary between apical and lateral
domains. PAR-1 phosphorylates Bazooka/PAR-3 and limits the extent of the
adherens junctions in the lateral domain. Scribble, Dlg (Discs-large) and Lgl
(Lethal(2)giant larvae) inhibit the activity of the apical complex, partly through
the binding of Lgl to aPKC. Vice versa, aPKC phosphorylates Lgl and excludes
it from the apical domain [Tepass, 2012].
An alteration in the ratio of the apical: lateral: basal domain is seen in all
morphogenetic movements in different epithelium sheets. A decrease in the
lateral domains along with a concomitant increase in apical and basal domains
leads to increased surface area in the epithelium and decrease in its thickness
[Johnston and Sanson, 2011]. A reciprocal change decreases the area and
increases its thickness. E.g. of epithelial thinning is epiboly in vertebrates and
the anterior follicle cells when cells become squamous in Drosophila. Epithelial
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thickening is seen in vertebrate placodes and plates such as otic placode and
neural plate, and follicle cells in Drosophila that are in contact with the oocyte
and become columnar. Amnioserosa formation in Drosophila involves cuboidal
to squamous transition of the dorsal epithelium in the embryo [Johnston and
Sanson, 2011].
Planar cell polarity
Planar cell polarity (PCP) is the molecular mechanism that creates asymme-
tries in the plane of epithelial tissues, orthogonal to the axis of apico-basal
polarity. It translates global patterning information in the embryos to regulate
morphogenetic cell behaviours. PCP is mediated by a core set of proteins that
localize to the lateral and medial cell-cell interfaces [Gray et al., 2011]. It
is an evolutionary conserved mechanism that has been extensively studied
in insects and vertebrates and converges to the Wnt pathway and Frizzled
signalling [Gray et al., 2011; Hale and Strutt, 2015; Sokol, 2015; Wallingford,
2012].
In addition to its role in fate specification in the embryos, the Wnt signalling
acts as a morphogen gradient and modulates the PCP pathway, as a signalling
leading to coordinated polarization of neighbouring cells in the plane of the
tissue [Sokol, 2015] and the signalling is transmitted locally from one cell
to the next. The Wnt signalling mediated by the Frizzled receptor regulates
downstream effectors such as the Rho pathway mediated Myosin contractility
in various morphogenetic process. In Xenopus embryos the Wnt/PCP signalling
mediates cortico-cytoplasmic rotation of certain cortical components, to the
future dorsal side, playing an important role in dorso-ventral specification
[Sokol, 2015].
PCP plays a role in dynamic cell populations undergoing morphogenesis.
Body axis elongation in vertebrates and invertebrates occurs by oriented cell
divisions, cell motility, cell-shape changes, or cell rearrangements and PCP has
been shown to play a role in specifying these polarized behaviours of cells. The
intercalation of cells by neighbour exchange is a key process that functions in
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mesoderm extension in Xenopus. The elongation and closure of the neural tube
also requires some PCP components [Wallingford, 2012; Wang and Nathans,
2007].
Cellular models of morphogenesis
The polarity pathways regulate conserved signalling which in turn regulates
actomyosin contractility at the sub-cellular level [Harris, 2017]. The activity
of the actomyosin molecular force generators, results in changes in the shape
of cells. These cellular level forces are transmitted across a tissue through cell-
cell junctions and result in changes in tissue architecture [Guillot and Lecuit,
2013]. The main cell shape and size changes which modify tissue architecture
are illustrated in Fig 1.6. Based on the major cellular events which function in
diverse epithelia, tissue morphogenetic mechanisms can be grouped into the
following categories:
• Cell shape change: Apical constrictions and cell intercalations
• Cell position change: Cell intercalations and collective cell migration
• Cell number: Patterned cell proliferation and cell death
• Cell size: Epithelial thickening or thinning
In Tribolium, previous studies have described that apical constrictions
are seen in the ventral furrow [Handel et al., 2004]. Cell intercalations were
described in the embryo [Benton et al., 2013]. It was postulated that a supra-
cellular actomyosin cable leads to the serosa window closure in the embryos
[Benton et al., 2013; Handel et al., 2000]. However, the molecular mechanism
of these morphogenetic behaviours, the signalling and polarity pathways and
the role of actomyosin contractility has not been studied. Therefore, investiga-
tions of morphogenetic mechanisms during Tribolium embryogenesis requires
an understanding of the cell dynamics which play a role in these processes and
the identification of the molecules involved in the cell and tissue behaviours.
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Figure 1.6: Cell shape changes that lead to tissue morpogenesis. A) Epithelial cells
can be cuboid. columnar or squamous. This can lead to flattening of tissue or condensation
without cell divisions. B) Cell shorten their apical side to undergo apical constrictions which
an bend a tissue. C) Shear in cells can lead to differential movement of the apical side vs the
basal side of a tissue. D) Cells change shape and remodel junctions to exchange neighbours in
a tissue. Such transitions are also called as t1 transitions.
Apical constrictions: transition to wedge shaped cells
Apical constriction is the primary mechanism by which epithelial sheets bend
or create invaginations [Sawyer et al., 2010]. They have been implicated in
generating a variety of epithelial topologies, such as folds, pits or tubes. A
decrease in the apical side of a tissue along with a concomitant increase in its
basal area can create curvature in epithelial sheets. These distinct changes
in apical vs. the basal domains can form the characteristic wedge or bottle
shaped cells and bend an epithelial sheet to create an invagination [Sawyer
et al., 2010]. For example, gastrulation in Drosophila, Zebrafish etc., cephalic
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furrow in Drosophila and neural tubes hinge formation. Apical constrictions
also function in extrusion of cells from an epithelium, such as in epithelia-
mesenchyme transition or in case of apoptotic cells, delamination, wound
contraction and healing [Martin and Goldstein, 2014; Sweeton et al., 1991].
In Xenopus, the core PCP protein Vangl2 exhibits an apical localization at
the blastopore lip in the embryo, and regulates apical constrictions of bottle
shaped cells and ectopic constriction of ectoderm cells triggered by the actin-
binding protein Shroom3 [Ossipova et al., 2015, 2014]. The different cell types
that undergo apical constrictions can assemble contractile actomyosin struc-
tures in distinct regions of the cell: the apico-lateral junctional domain and
the apico-medial cortex network [Sawyer et al., 2010]. The inner ear placode
invagination in chick, involves two phases, Phase I with basal expansion of
cells and Phase II with apical constrictions. The Phase II requires Myosin II
contractility, which is mediated at cell junctions [Sai et al., 2014].
Apical constrictions can occur via a purse string mechanism, in which
a circumferential junctional domain of actomyosin fibres undergoes contrac-
tion, such as during chick neurulation [Copp and Greene, 2009]. Whereas, In
Drosophila mesoderm invagination, apical constriction occurs via a pulsed
ratchet like mechanism [Martin et al., 2009]. The cells undergo constriction
followed by a paused state in which the constricted area is maintained akin to
a ratchet. In these cells, actomyosin networks are found on the apico-medial
domain of cells. These generate tension on the apical surface and can result
in cortical flows that are visible as Myosin foci coalescing in the center of the
cell apex [Martin, 2010; Martin et al., 2009]. This apico-medial pool of Myosin
foci has been shown to enrich in pulses correlating with decrease in cell’s
apical domain. It spans across the cortex connecting junctions from opposite
sides and powers apical constrictions by pulling the apical adherens junction
towards the center [Martin et al., 2009; Roh-Johnson et al., 2012].
The patterning molecules and membrane signalling can specify spatial
domains in the tissue which undergoes apical constrictions. The transcription
factors twist and snail are involved in regulating apical constrictions in gastru-
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lating cells in Drosophila [Mason et al., 2013]. snail initiates contractile pulses
while twist maintains cell shape during the ratchet like pulsed constrictions.
twist up regulates snail expression and also activates the expression of fog and
T48. T48 activates the guanine nucleotide exchange factor, RhoGEF2 apically
and consequently the Rho1 signalling. ROK (Rho Kinase) and Myosin II are
seen at the medio-apical domains of cells, absent from junctions and ROK is
required for constriction of actin cables into foci probably by Myosin II [Mason
et al., 2013]. Fog is a secreted ligand that induces apical constrictions via its re-
ceptor mist, that signals through a G alpha protein- RhoGEF2 and Rho kinase
(ROK) to activate Myosin II [Dawes-Hoang et al., 2005]. The fog signalling is
mediated through concertina, a Heterotrimeric G alpha protein (HGP). An-
other HGP, ric-8 stabilizes cortical actin and suppresses cell blebbing in apical
constriction in the ventral furrow of Drosophila, probably playing a key role
in withstanding hydrostatic pressure generated in cells during tissue folding
[Kanesaki et al., 2013]. T48 is a transmembrane protein that functions in
parallel and recruits junction G proteins and RhoGEF2 to the apical domains
of the cells [Martin et al., 2009].
In vertebrate neural tube formation, Shroom (an F actin binding protein
that localises to the apical tips of adherens cell junctions) mediates the specific
targeting of actin and Myosin to the junctional domains [Hildebrand and Sori-
ano, 1999; McGreevy et al., 2015; Mohan et al., 2012]. However, in Drosophila,
its single Shroom codes for two different isoforms, the long form (dShrmA)
that localises to the adherens junctions and stimulates apical constriction and
a short form, dShrmB, which localises to the apical cortex to assemble a more
medial/apical contractile network [Bolinger et al., 2010]. This could play a role
in pulsed contractions of the medial apical actomyosin cortex that drives apical
constrictions in mesoderm invagination and shrinking of amnioserosa during
dorsal closure. Therefore, specific subcellular targeting of Myosin could play a
central role in the mechanism of apical constrictions adopted by different cell
types.
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Cell rearrangements: Cell intercalations
Cell intercalations occur when cells exchange their neighbours in a tissue. This
underlies convergent extensions, which lead to tissue extension in one axis
without cell divisions [Walck-Shannon and Hardin, 2014]. Cell intercalations
require coordination in migration and adhesion of cells, which in turn often
requires polarization of cells. Cell intercalations are called as mediolateral,
if they occur in the same plane of the tissue, such as in gastrulation and
germband extension in flies. They can also be radial, as seen during frog
and fish epiboly, that leads to tissue thinning when cells exchange neigh-
bours throughout the thickness of a multi-layered tissue [Walck-Shannon and
Hardin, 2014].
Pioneering experiments in vertebrates showed that convergent extensions
occur by polarized protrusions in the mediolateral plane of the gastrula mes-
enchymal cells and is PCP dependent. These make stable attachments with
neighbours leading to interdigitation and crawling of cells [Keller, 2002; Keller
et al., 2000]. More recently, it was shown that PCP organizes actomyosin
contractility during intercalations of vertebrate gastrula mesenchyme cells
by a septin mediated compartmentalization of the actomyosin contractile
machinery [Shindo and Wallingford, 2014].
The cells which undergo intercalations, exhibit Myosin and junction com-
ponent polarity before the neighbour exchange [Bertet et al., 2004]. This
indicates that Myosin mediated shrinkage of the vertical boundaries may lead
to the dorso-ventral movement of cells. During germband intercalations in
Drosophila, cells remain interconnected via adherens junctions. The contrac-
tile actomyosin filaments are enriched at the anterior-posterior boundaries
[Irvine and Wieschaus, 1994; Zallen and Wieschaus, 2004]. The planar po-
larized distribution of contractile actomyosin structures can not only change
cell shapes, Myosin II can destabilize intercellular adhesion and PAR- 3 can
promote adherens junction stability and localization [Rozbicki et al., 2015].
In Drosophila germband extension, convergent extension employs junc-
tional shrinkage mechanism [Zallen, 2007]. Junctional shrinkage is also im-
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portant for intercalations in neural tube formation. Cell intercalations can
also be directed by the anterior-posterior patterning systems, distinct from
the core PCP pathway. In Drosophila, striped expression of pair rule genes
is required for axis elongation, rosette formation and the polarized distri-
bution of cytoskeletal and junctional proteins [Irvine and Wieschaus, 1994].
Additionally, the pair rule genes regulate the striped expression of toll genes
providing a positional code which regulates the planar polarity of Myosin and
cell intercalations [Paré et al., 2014].
Rosette formations in Drosophila germband cells provides an efficient
mechanism of cell intercalations [Zallen and Zallen, 2004]. The cells form
rows and converge to a point by junction shrinkage and then extend in per-
pendicular direction by forming new junctions. Besides germband extension,
intercalations by rosette formation are also seen in several tube extensions
such as the tracheal tubes in Drosophila, chick neural tube, renal tubules in
mice and Xenopus laevis and the cochlea of the mammalian inner ear [Wang
and Nathans, 2007].
Actomyosin cables: or tissue-tissue interactions
Supracellular actomyosin cables are formed by polarised actin and Myosin
assemblies in a tissue [Röper, 2014]. Unlike intracellular actomyosin cables
that are important for cytokinesis, supracellular cables are formed at the
apical junctional domains and seemingly stretch across several cells. They
function in various processes such as wound healing, delamination, tissue
separation, at compartment boundaries and dorsal closure. Actin and Myosin
form actomyosin cables by aligning their filaments in a bundle [Munjal and
Lecuit, 2014; Röper, 2014]. These bundles can have sarcomere like repeated
organization with bipolar Myosin filaments that can generate contractility by
sliding the antiparallel actin filaments. In certain instances, actin cables can
form with no repeated organization or filament polarity.
The cables are formed when cells of dissimilar types are sensed across the
boundary, for e.g., the localized assembly of a cable occurs due to differential
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expression of a hemophilic receptor, Echinoid in tissues [Chang et al., 2011].
Within a cell, circumferential actin cables in the junctional domain undergo
a purse string like contractility to create apical constrictions, for e.g., at the
hinge points during neural tube closure [Abreu-Blanco et al., 2013; Bement
et al., 1993]. Due to differential gene expression, cells form homotypic as well
as heterotypic contacts and Myosin starts accumulating at the heterotypic
contacts. The Table 1.2 provides a detailed summary of cellular process in
which actomyosin cables are reported, the upstream signals which have been
identified and the molecular anisotropies on either side of the cable that are
important for its formation [Röper, 2014].
Identification and analysis of cables from invertebrates and vertebrates
have categorized them into three main types of actomyosin cables:
1. Circumferential cables, seen in wound healing, dorsal closure and
salivary gland invagination [Bement et al., 1993]
2. Static cables that maintain compartment identity and prevent tissue
mixing [Aliee et al., 2012; Dahmann et al., 2011; Umetsu and Dahmann,
2015]
3. Short cables that aid in morphogenesis [Zallen and Wieschaus, 2004].
Circumferential cables function in wound closure. They assemble in cells
facing a wound and generate centripetal tension that leads to closure of the
gap. Dorsal closure in Drosophila is very similar to wound closure and the
embryonic epidermis moves in to cover a region previously occupied by extra
embryonic amnioserosa cells [Kiehart et al., 2000]. An actomyosin cable forms
at the boundary of the epidermis and amnioserosa cells and has a leading edge,
which behaves in a “purse string" manner [Franke et al., 2005]. The absence
of Echinoid from the leading edge and anisotropic localisation of PCP factors
such as Frizzled or Flamingo leads to the accumulation of Myosin at the edge
[Kaltschmidt et al., 2002]. In addition, a circumferential actomyosin cable
leads to salivary gland invagination in Drosophila [Röper, 2012]. In this case,
27
CHAPTER 1. INTRODUCTION
the cells on the inside boundary, which will form a tube, assemble the cable.
The apical polarity complex protein Crumbs is differentially expressed in these
cells such that it is reduced at the boundary membrane, which assembles the
actomyosin cable. Crumbs recruits the negative regulator of Myosin, aPKC and
in the region that lacks Crumbs, ROK phosphorylates and activates Myosin.
In addition, Crumbs distribution is also anisotropic in the leading edge during
dorsal closure, indicating towards a common mechanism of cable assembly
[Röper, 2012].
The second type of cables is seen at compartment boundaries [Dahmann
et al., 2011]. These cables are static and prevent the mixing of cells from
two different compartments or tissue types. These include the cables present
between parasegments in Drosophila germband and in the D-V and A-P
boundaries in larval wing disc, at the boundary between ectoderm-mesoderm,
axial mesoderm-presomitic mesoderm and between the midbrain-hindbrain in
the neuroderm in vertebrate brains [Monier et al., 2009, 2011]. In Drosophila
embryos, the actomyosin cables provide a taut boundary that prevents mixing
when cell divisions happen. The Drosophila static cables at the parasegment
boundaries and the wing are formed by rows of cell on both sides of the cable
[Umetsu and Dahmann, 2015]. In the wing discs, Notch signalling mediated
depletion of Par3 at the boundary directs cable assembly [Major and Irvine,
2006].
The short actomyosin cables that aid in morphogenesis are dynamic and
transient. These cables direct cell rearrangements in epithelial sheets during
morphogenesis, such as in germband extension in Drosophila [Fernandez-
Gonzalez et al., 2009; Zallen, 2007; Zallen and Wieschaus, 2004; Zallen and
Zallen, 2004]. The actomyosin cables are formed perpendicular to the axis of
extension, over the vertical boundaries of 3-6 cells. The cells are pulled by the
cables and forms rosettes, which resolve in the perpendicular direction, leading
to cell intercalations. Formation of these short cables requires ROK dependent
Par3 depletion from vertical edges, thereby leading to actomyosin enrichment
[Simoes and Tepass, 2016]. Similar dynamic Myosin cables are also seen during
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Tissue/process Upstream signal Molecular asymmetry/
anisotropy
Wound healing (Dm) H2o2/loss of bazooka, Cadherin?,
contact Crumbs?, echinoid?
Dorsal closure (Dm) Dpp, JnK, Wg, Echinoid, Flamingo,
Notch Frizzled, Canoe,
Dlg, Crumbs?
Parasagment Notch, Wg
boundaries (Dm) unknown
Wing disc DV Wg, Hh unknown
boundary (Dm)
Rhombomere unknown unknown
/ ventricle formation
(chick)
Germband extension pair rule gene Rok, Baz,
(chick) expression/ Cadherin, Arm
A-P patterning
Neural plate extension/ PCP: ? Celsr1/Flamingo,
folding (chick) DAAM, RoCK1
Table 1.2: Signalling and molecules involved in actomyosin cable formation
tracheal pit invagination in flies. These cables also form rosettes in vertebrate
kidney tubule formation, convergent extensions during neural tube closure in
the chick [Wallingford, 2012]. Previous studies in Tribolium have hypothesised
that a circumferential actomyosin cable might play a role in serosa window
closure [Benton et al., 2013; Handel et al., 2000]. The actomyosin dynamics and
the associated cellular and mechanical dynamics have remained unexplored.
Additionally, the information on epithelial polarity and the upstream signals
which might lead to the formation of the cable have also not been studied.
1.5 Thesis objective
Aims of the project
The aim of this project was to study the tissue mechanics which play a
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role in serosa expansion and serosa window closure during embryogenesis of
Tribolium. To study these processes, the project was divided into the following
objectives:
Aim I
Set up a live imaging pipeline to provide quantitative description of
cell dynamics in developing Tribolium embryos using nuclear, mem-
brane and cytoskeletal fluorescent markers
In order to study the tissue mechanics at play during early Tribolium
embryogenesis a detailed characterisation and quantification of tissue morpho-
genesis is needed. It is imperative to track nuclei in 3D, and measure a number
of cell attributes such as change in cell shapes, apical surface area, cell volume,
strain and contacts with neighboring cells over the course of development.
For this we needed to standardise a SPIM imaging and analysis pipeline that
could generate high resolution developmental movies.
In the first results chapter I have described the image acquisition and anal-
ysis workflow in detail. The pipeline includes the following steps: labelling the
embryos through mRNA injection, acquisition and processing of 4D SPIM time-
lapses, visualisation and quantification of 3D data using 2D maps. Using these
steps it is possible to create 4D timelapse movies of wildtype and knockdown
embryos that are labelled with single or dual colour using nuclear, membrane
and cytoskeleton markers. Additionally, it is possible to make quantitative
measurements from these movies of tissue dynamics such as cell density and
cell area change across the embryo.
Aim II
Study the tissue mechanics during serosa expansion and serosa win-
dow closure
Actin and Myosin are the main components of the contractile cytoskeleton
machinery in cells. Previous observations in Tribolium combined with several
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studies in other model systems have suggested a major role for actomyosin
networks in mediating cell shape changes, cell rearrangements and global
tissue rearrangements during embryogenesis.
In order to study their contribution towards tissue mechanics in the beetle,
the first step was to clone and characterise the non-muscle Myosin II and
describe its dynamics. The results for this are described in the second chapter.
With establishment of imaging and labelling tools for studying actomyosin me-
diated cell dynamics, it becomes possible to investigate specific morphogenesis
events. In the third results chapter, I have focused on the process of serosa
expansion and serosa window closure. My results indicate that a contractile ac-
tomyosin cable forms between the serosa and the amnion and functions during
serosa window closure. I have characterised the cable formation, it’s dynamics
and the tension change in the cable and the serosa tissue during development.
The serosa tissue changes in its mechanical properties during expansion and
the tensions in the cable increase overtime, as it becomes harder to pull the
serosa around the embryo. These results pave ways for future studies on acto-
myosin cable formation and dynamics, the mechanisms leading to formation
of continuous serosa epithelium and conserved actomyosin dynamics across
insects.
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4D LIGHTSHEET IMAGING AND ANALYSIS
PIPELINE OF Tribolium EMBRYOS
Introduction
Fluorescent live imaging has been very recently adapted for Tribolium
embryogenesis [Benton et al., 2013; Hilbrant et al., 2016; Strobl and Stelzer,
2014]. It is possible to create transgenic lines for the beetle using piggyBac
or Minos-based transposons and a few transgenic lines which label nuclei
(EFA-nGFP [Sarrazin et al., 2012], Hist::eGFP, Peter Kitzmann unpublished)
and Actin (LA::eGFP)[van Drongelen and Vazquez-Faci, 2017] have been cre-
ated. Additionally, a new method established transient fluorescent labelling
approaches for imaging the embryos circumventing the necessity of establish-
ing transgenic lines for live imaging of cytoskeleton and other proteins[Benton
et al., 2013]. Using this approach, eggs were injected with mRNA encod-
ing the nuclear and membrane fluorescent markers Histone::mCherry and
GAP43::eYFP, respectively, and were then imaged using timelapse confocal
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microscopy [Benton et al., 2013]. However, the low temporal resolution ( 5
minutes), photo-bleaching, and the restricted imaging field and depth achieved
with conventional confocal microscopes provided limited access to single cell
behaviours and allowed primarily the tracking of tissue-level dynamics. In
order to study the various morphogenetic events in the Tribolium embryo at a
higher spatial and temporal resolution, I decided to image early embryogenesis
using the Selective Plane Illumination Microscopy (SPIM) implementation of
lightsheet fluorescence microscopy. Lightsheet microscopy allows the imaging
and computational reconstructions of developing embryos in their entirety by
imaging them from multiple views, with minimal photo-bleaching and photo-
damaging, at high spatiotemporal resolution, and over long periods of time
[Huisken and Stainier, 2009; Huisken et al., 2004; Keller et al., 2008; Pitrone
et al., 2013; Wolff et al., 2017]. In all my SPIM imaging experiments, I used the
Zeiss lightsheet 1 (LZ1) instrument to collect multi-view and image datasets
of Tribolium early embryonic development.
In this chapter, I have compiled my methodologies in a coherent pipeline
for SPIM image acquisition, image processing and data analysis that can
provide quantitative measurements for the entire embryo. First, I established
a protocol for robust labelling and imaging of Tribolium embryos with the
Zeiss lightsheet 1 (LZ1), a commercially available instrument from Zeiss.
Alternatively, the pipeline is also applicable for datasets that are acquired with
custom made LSFM microscopes or from open access platforms like OpenSPIM
[Pitrone et al., 2013]. Second, I use map projections of the data as a tool to
manage large scale 3D datasets into convenient 2D images. Lastly, I present a
few examples of quantifications of cell and tissue dynamics which can be made
using the map projections: 1) nuclear flow fields that could serve as a proxy to
understand the forces exerted in the blastodermal epithelium as previously
shown in Drosophila [He et al., 2014], 2) cell shape, cell apical area changes
and measuring cell anistropy contributing to the epiboly of the serosa tissue
and condensation of the embryonic primordium an be measured to quantify
epithelial development [Guirao et al., 2015]. Using these methods it becomes
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possible to compare wildtype with genetically perturbed embryos, such as after
embryonic RNAi knock-down of the Tribolium zerknüllt 1 (Tc-zen1), Tc-zen
gene.
2.1 Standardisation of an injection protocol
for sample mounting and imaging with the
Zeiss LZ1 SPIM
The most commonly used Tribolium transgenic line for live imaging has been
the EFA-nGFP [Koelzer et al., 2015; Sarrazin et al., 2012; Strobl and Stelzer,
2014] that labels the nuclei during interphase but not during mitosis. However,
for my imaging needs I had to label nuclei throughout the cell cycle, as well
as the membranes, Actin or Myosin II either in single or double labelling
experiments. Therefore, I decided to adopt the injection protocol from Benton
et al. [2013], since it is a much faster and flexible approach than establishing
transgenic lines, and it provides uniform and bright single or double labelling
to image early embryogenesis.
In previous experiments, Tribolium eggs were injected while covered in
halocarbon oil to prevent desiccation and they were imaged under a confocal
microscope with oil dipping objectives. However, imaging with the LZ1 SPIM
is done in water with water dipping objectives and the embryos are typically
mounted in low melting agarose extruded from glass capillaries [Schmied
et al., 2016]. The original injection protocol raised several problems, since I
couldn’t remove the halocarbon oil entirely post-injection and removal of the
embryo from the injection slide invariably resulted in eggs bursting or not
developing further. To address these problems, I established an alternative
method that results in minimum disturbance to the injected eggs shown in
Fig 2.1. I first make an agar bed onto glass slides by pouring about 750 µl
of 1% agarose (in PBS or water) onto the slide (Fig 2.1 A, C). Once the agar
dries the embryos are aligned with a thin soft brush onto the solidified agarose
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Figure 2.1: Injection method for labelling embryos. (A) Illustrations outline the injec-
tion method that is used for injecting mRNA and dsRNA to the embryos. B) Pictures showing
the alignment and injection of Tribolium embryos. C) An agar bed is made on a glass slide
with about 750µl of 1% agarose solution. D, E) The embryos are lined onto agar bed with a
soft brush. F) They are incubated in humid chambers before and after injection. G) Image of
the injection needle and an embryo through the stereoscope.
with their anterior poles facing the edge of the slide (Fig 2.1 D). Within 1-2
minutes of drying, the eggs stick to the agarose bed. The slides with the aligned
eggs are then transferred in high humidity chambers made by putting wet
tissues in plastic Petri plates till they are injected (Fig 2.1 F). Embryos are
transferred immediately into the humid chambers after injections and aged for
2-3 hours at 32◦C to allow for a strong and homogeneous labelling. The eggs
detach easily from the agarose by adding a few drops of PBS or water. Embryos
exhibiting the most uniform and strong fluorescence under an epifluorescence
stereoscope are then mounted individually into capillaries. The embryos are
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first transferred into an agarose: fluorescent microsphere mixture (1% agar in
PBS or water + 1:1000 beads) as previously described [Preibisch et al., 2010;
Schmied and Tomancak, 2016] and are then sucked into capillaries. After
agarose solidification, the capillaries are mounted onto the LZ1 microscope for
imaging. This technique allows for survival of about 50% of the injected and
imaged embryos.
2.2 Double labelling of Tribolium embryos
To test combinations of the histone (nuclear), GAP43 (membrane), LifeAct
(actin) and Tc-sqh (myosin II) labels, they were fused with different green
and red fluorescent proteins and cloned in appropriate vectors for in vitro
transcription (PCS2+ or pT7 plasmid vectors). I then tested and established
the best combinations based on the following parameters: brightest signal,
minimum photobleaching, spectral separation of the tested pair and ease of
screening of the injected embryos under an epifluorescent stereoscope. Table
2.1 summarises the different available mRNA options for labelling. These mR-
NAs offered several possibilities for uniform dual colour labelling of different
molecules, nuclei and cells. An example of double nuclear (Hist::mCherry) and
Actin (LifeAct::eGFP) labelled embryo is shown in Fig 2.2. It was imaged with
the LZI SPIM from different views such as dorsally (Fig 2.2 A) and ventrally
(Fig 2.2 B) and the image stacks were projected as a maximum intensity
projections.
2.3 Image processing with Fiji
Embryos were imaged overnight for about 16 hours at 25◦C or 32◦C starting
from the uniform blastoderm stage (≈9Hrs AEL). The image processing using
Fiji was adapted from the Drosophila protocols 2012; 2014. Each dataset
ranged in size from 1-2 Tb depending on the number of channels (single or
double) and other imaging parameters. The data were saved in the Zeiss czi
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Figure 2.2: Dorsal view of double labelled embryos injected with mRNA and imaged
with SPIM. Maximum intensity projections of a single (dorsal) view from a timelapse movie
acquired using SPIM. The embryo was injected with mRNA to label Actin with lifeAct::eGFP
and nuclei with Histone::mCherry. Times are given relative to the uniform blastoderm stage
which is taken as T-0. Time 0 corresponds to ≈9 hours (± 30 minutes) after egg lay, and to
≈0.5 hour (± 20 minutes) after the 12th round of divisions. Scale bar is 50 µm.
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Figure 2.3: Ventral view of double labelled embryos imaged with SPIM. Maximum
intensity projections of a single (ventral) view in a timelapse movie acquired using SPIM. The
embryo was injected with mRNA to label Actin with lifeAct::eGFP (LA::eGFP) and nuclei with
Histone::mCherry (Hist::mCherry).Times are given relative to the uniform blastoderm stage
which is taken as T-0. Time 0 corresponds to ≈9 hours (± 30 minutes) after egg lay, and to
≈0.5 hour (± 20 minutes) after the 12th round of divisions. Scale bar is 50 µm.
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Label Green (488) Yellow (515) Red (561,594)
Membrane GAP43::YFP GAP43::mKate2
Nuclei Hist::eGFP Hist::RFPruby
Hist::mCherry
Actin LifeAct:EGFP LifeAct::mKate2
Syn21LA::eGFP LifeAct::mCherry
Myosin TcSqsh:eGFP TcSqsh::RFPruby
Syn21TcSqsh:eGFP
Table 2.1: Fusion constructs for fluorescence imaging with mRNA injections.
file format with each file containing the data for the acquired channels, in each
angle and each time-point. I then processed the movies to combine the different
views using the Multiview reconstruction plugin in Fiji [Preibisch et al., 2014,
2010]. The various steps in this plugin involved: defining an xml file for the
dataset, resaving the dataset into the hdf5 file format, segmentation of the
beads in each angle, bead-based registration of the different views in each
time-point, temporal registration across timepoints, cropping of the registered
volume by defining a bounding box, and fusion of the registered input angles
into a single output volume in each time-point using either a content-based
algorithm or a multi-view deconvolution step [Preibisch et al., 2010; Schmied
et al., 2014].
Overview of LSFM image processing pipeline
1. Image file preprocessing:
During a multiview LSFM timelapse recording, each acquired timepoint
is composed of multiple z-stacks corresponding to the different views
and channels. The first task involves opening the raw data and resaving
often in a new file format (like .tif, hdf5 or other formats offering lossless
compression for smaller file size). This step is often accompanied by file
renaming to encode the metadata information in the file name (i.e. which
time point, view, or channel the file contains).
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2. Dataset Definition
(Plugins>Multiview Reconstruction>Define MultiView Dataset):
The Multiview Reconstruction Fiji plugin enables users to define the
multiview LSFM dataset and create an XML file that is used to access
the image data and perform all subsequent processing steps.The XML
file that is created retains all the information regarding the complete
dataset.
3. Detect Interest Points for Registration
(Plugins>Multiview Reconstruction> Detect Interest Points for Registra-
tion):
The next step is to find interest points in the images that will be used for
registration, like fluorescent beads, nuclei or membrane markers. I used
fluorescent beads embedded in the mounting medium together with the
embryo as markers to align the different views to each other (Estapor
microspheres, X beads for green channel only, Y for red channel). The
beads in each view are identified (segmented) based on their size and
intensity. The sigma value for my datasets varied between 0.899 to 1.035
and the threshold usually between 0.0024 - 0.0050.
4. Multiview registration
(Plugins>Multiview Reconstruction> Register Dataset based on Interest
Points):
Segmented beads are then matched between the different views in each
time point, and the views are aligned (registered) resulting in a transfor-
mation model for each view that is able to arrange the views optimally
in 3D space with respect to each other (spatial registration)(Fig 2.4, A).
Registration is then extended between time points for correcting drift in
the sample that often occurs over time, (timelapse registration).
5. Multiview fusion
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(Plugins>Multiview Reconstruction> Fuse/Deconvolve Dataset):
Once the entire dataset is aligned, the individual views can be fused
together (using the transformation parameters from step 4) into a single
output 3D image per time point and channel with a more isotropic resolu-
tion (Fig 2.4, B, C). Voxel intensities in the fused image can be calculated
by just averaging between input views, by content-based algorithms, or
by multiview deconvolution for a best signal-to-noise ratio (this is by
far the most computationally demanding step in the pipeline) [Preibisch
et al., 2014, 2010]. Deconvolution requires the knowledge of point spread
functions (PSFs), which can be extracted from the segmented fluorescent
beads. Alternatively, one can proceed directly after registration to data
visualization and tracking without fusion.
Finally, the different views are fused to give a complete 3D image of the
entire embryo. Fig 2.4, shows the 5 individual views that were acquired
in one timepoint and then fused to cover the entire volume. The fused
embryo can be rendered in any desired view (e.g. lateral, ventral, dorsal
or the anterior and posterior polar views).
Previous work in the lab has established a processing pipeline for Drosophila
embryogenesis data with this plugin. However, due to the large size of the
data it can take almost a week to processing one dataset on a workstation.
Therefore, Schmied et al. [2016] also established an automated workflow for
parallel processing of large datasets on a computer cluster using the snake-
make workflow system. I optimised the parameters for multiview processing
using Fiji and then adapted the snakemake workflow scripts for Tribolium
SPIM datasets. In practical terms, I processed three timepoints across the
dataset on a local workstation to estimate the various parameters to be ap-
plied to all timepoints. I then used these parameters and processed the entire
dataset on the cluster. This reduced the total time required for processing each
dataset to about 2 days.
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Figure 2.4: Multiview reconstruction and image processing with Fiji SPIM imaging
was done on transgenic Tribolium embryos that uniformly expresses H2A::GFP (A) driven
under αTubulin promoter (kindly provided to us by Peter Kitzmann, Bucher lab) and tran-
siently labelled embryos that were injected with mRNA to label Actin with lifeAct::eGFP and
nuclei with Histone::mCherry (C). (A) Shows the five different views that were simultaneously
imaged.(B) Fused output after registration, fusion and 3D rendering from the same. (C) Fused
output after image registration and fusion from a transiently labelled embryo.
43
CHAPTER 2. 4D LIGHTSHEET IMAGING AND ANALYSIS PIPELINE OF
TRIBOLIUM EMBRYOS
2.4 Long term timelapse imaging of
Tribolium embryogenesis with SPIM
Once I optimized the conditions for injecting and labelling embryos with Zeiss
SPIM setup, I tested a number of image acquisition parameters with the LZ1.
The Tribolium embryos are about 500 µm long and 300 µm wide. They fit well
in the field of view obtained with a 20X detection objective and with an optical
zoom of 0.6-0.7X
The LZ1 microscope offers the possibility for embryo translation (move in
x, y, z) and rotation during imaging. The best spatial resolution is achieved
with higher number of acquired angles to maximise the overlap in different
regions of the sample and the best temporal resolutions require the smaller
number of acquired angles to make the acquisition faster. In order to achieve a
time interval between 30 seconds to 2-minute between successive timepoints,
I first tested the image quality obtained with different number of overlapping
views to achieve the best trade-off between spatial and temporal resolution.
I imaged a double labelled embryo from 4 views, spaced at (0◦, 45◦, 135◦ and
180◦ angles) (Fig 2.5, A). This results in a partial overlap of 3, 4 or 5 views
in different regions of the embryo . I then assessed the quality of the fused
volumes (Fig 2.5 B, B’).
The views were registered, fused and deconvolved using the Fiji plugins,
as described in the previous section. I observed that the best image quality
is seen in regions which are sampled from 4, 3 and then 2 neighbouring
views(indicated by numbers in Fig 2.5, B) while the image quality deteriorates
in regions imaged from a single view and at the edges of two imaging frames
(Fig 2.5, B’).
The development of the embryo is fastest at higher temperatures and it
slows down considerable at lower temperatures [Gregor, 2009; HOWE, 1967].
Additionally, the exposure time of the camera, the size of the optical slices
and the rest time between successive acquisitions also lead to increased or
decreased time resolutions. Therefore, I also tried different combinations of
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these parameters , as listed in table 2.2 to increase the temporal resolution.
Temperatures 32◦ C 27◦C 25◦C 22◦C
Camera exposure time 30ms 50ms
Views 3 4 5
Z step 1.5µm 2µm
Rest time 60 S 20-30 s No rest
Table 2.2: Imaging conditions tested with Zeiss LZ1
I observed that imaging the embryo from 3 angles spaced at 120◦ and with
about 90 optical slices acquired every 2µm in each angle, is sufficient to cover
the entire embryo (Fig 2.5 C). These conditions provide the fastest temporal
sampling of 60-90 sec at the expense of image quality, due to the small overlap
between acquired angles (Fig 2.5 B, C); the signal deteriorates with depth and
at the edges of the acquired z-stacks and cannot be improved computationally
after multi-view fusion. The image quality improves with 4 angles acquired
every 90◦ or 5 angles acquired every 72◦ each (Fig 2.5 B, B’). Imaging 5 angles
provides sufficient overlap such that every region of the embryo is imaged from
at least 2 neighbouring views (Fig 2.5 C). It also provides the best trade-off
between temporal resolution (between 1-2 minutes) and spatial resolution. I
decided to image the embryos with 5 overlapping views at 25◦ or 32◦C in most
of my experiments, with 2µm optical slicing, 30msec camera exposure time and
30-60s rest time between successive acquisitions. These conditions provided
optimum spatial and temporal resolution for downstream data analysis steps.
After these optimization experiments, injected or transgenic Tribolium
embryos were routinely imaged with a temporal resolution ranging between
1.5 to 2 min. Such a high temporal sampling of Tribolium early embryogenesis
has not been reported previously with either confocal or lightsheet imaging.
The raw and fused data could be visualized with the BigDataViewer plugin
in Fiji [Pietzsch et al., 2015] sliced in any desired orientation or they could
be rendered using the Fiji 3D Viewer or simple maximum projections. The
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Figure 2.5: Standardisation of Multiview acquisition parameters. A) Schematic show-
ing the acquisition angles in a Multiview imaged embryo. The embryo was imaged from
0◦,45◦,135◦ and 180◦ as shown. A’ Following image registration, different regions of the em-
bryo show non-uniform overlap as indicated by the numbers. B) Cross section of a multiview
registered, fused and deconvolved dataset. Numbers correspond to the number of overlapping
regions. The box indicates comparable regions between registered angles and the fused output.
B’) Surface projection from a 4 angle overlap region and a 2 angle overlap region. C) Illus-
trates imaging with 3 overlapping views and 5 overlapping views collected every 120◦ or 72 ◦
respectively. Darker regions indicate higher overlap.
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defined imaging parameters resulted in single cell and nuclear resolution in
the volumetric rendering and cross sections (Fig 2.6 I and II) (Fig 2.6 III).
This high spatial resolution was observed both in the superficial enveloping
serosa layer, as well as with the inner tissues like the involuting amnion,
the condensing ectoderm and the internalizing mesoderm. Overall, this imag-
ing strategy provided the opportunity to observe the nuclear and cellular
behaviours simultaneously in different regions of the embryo and compare
their dynamics.
2.5 2D cartographic projections of 3D data as
a method to visualise and analyse SPIM
data
One of the most prominent issues with SPIM imaging is the multi-dimensionality
and very large size of each acquired dataset that complicate downstream visual-
ization and analysis. A typical dataset consisted of several hundred timepoints
acquired every 1.5-2 min over 10-16 hours of development, with each time-
point containing several 3-4 GB z-stacks corresponding to the different angles
and channels. Currently, commercial software for image analysis (e.g. Imaris,
Amira etc.) are not able to handle this type of datasets. The few segmentation
and quantification pipelines that have been established and that can deal with
the raw or fused SPIM datasets, also require very serious investment in time
and effort [Amat et al., 2015, 2014; Stegmaier et al., 2016; Wolff et al., 2017].
An alternative method that has come up is to projected the 3D datasets as
2D cartographic maps [Heemskerk and Streichan, 2015; Schmid et al., 2013].
This method allows for easy handling and visualising of large size datasets.
Therefore, I decided to use tissue cartography as a method to reduce the di-
mensionality and size of my datasets, in order to accelerate the extraction of
biologically meaningful information.
Tissue cartography entails the projection of regular or irregular 3D curved
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Figure 2.6: Timelapse imaging of Tribolium embryos using SPIM Fused and 3D ren-
dered SPIM images of a transgenic Tribolium embryo that uniformly expresses H2A::GFP
driven under Tubulin promoter (kindly provided to us by Peter Kitzmann, Bucher lab). The
schematic on the left shows the different stages of embryogenesis. I. Lateral view of the fused
data II. Ventral view and III. Cross section showing different layers in the embryo. Times are
given relative to the uniform blastoderm stage which is shown as T-0. Time 0 corresponds to
≈9 hours (±30 minutes) after egg lay, and to ≈0.5 hour (±20 minutes) after the 12th round of
divisions
data onto a 2D surface in a manner analogous to making maps of Earth
that show geographic data on a flat grid of longitude and latitude. Tissue
cartography was established recently as a method to exploit the spherical
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or ellipsoidal shape of imaged samples such as zebrafish and Drosophila
[Schmid et al., 2013] (Fig2.7). Such layered samples can be transformed into a
surface of interest (SOI) by computing a radial maximum intensity projection.
After this step, the visualization and analysis of the desired process becomes
straightforward as the multi-dimensional SPIM datasets are transformed into
manageable 2D, unwrapped projections. For my Tribolium SPIM datasets, I
used a comprehensive and open access method for tissue cartography called
as ImSAnE (Image Surface Analysis Environment) that deals with a
key issue in cartography: it allows corrections for the distortions that are
inherent to the mapping of curved surfaces onto a plane, thereby allowing the
measurement of geometric quantities like size, shape, direction and velocity
[Heemskerk and Streichan, 2015]. ImSAnE is an open-source MATLAB toolbox
that can be used to identify SOIs in the embryo, map SOIs onto several
layers at specified distance based on their z depth in the embryo, and stores
the geometric metadata for corrected measurements (Fig 2.7). The ImSANE
workflow for creating 2D maps for Tribolium data includes the following steps:
1. Recognise the SOIs in the embryo using the open-source software for
image segmentation Ilastik (Fig 2.8) [Sommer et al., 2011].
2. Export a point cloud representing the SOI to MATLAB and visualise it
in 3D (Fig 2.9 A).
3. Fit a sphere or cylinder to the point cloud (Fig 2.9 B).
4. Construct a bounding box around the sample based on the fitted sphere
or cylinder.
5. Project the data onto various maps including a cylindrical projection (Fig
2.9 C), an area-preserving map and polar maps.
6. In collaboration with Robert Haase (Scientific Image Analysis facility in
the MPI-CBG), Sebastian Streichan (KITP, UCSB) and Vladimir Ulman
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Figure 2.7: Principle of 2D maps projected using ImSANE Schematic shows the princi-
ple of cartographic projections. A cylinder is fitted to the embryo and the surface is unrolled
into layers with specified thickness.
(Tomancak lab), I developed tools to quantify a number of nuclear and
cellular parameters on reconstructed maps.
Using this workflow, I generated 2D projections for SPIM imaged normal
or genetically perturbed embryos labelled with the a different combinations
of fluorescent reporters as listed in the table 2.1: EFA::nGFP, Hist::eGFP,
GAP43::YFP and Hist::mCherry , LA::eGFP and Hist::mCherry, LA::eGFP
and nGFP, TcSqsh::eGFP, LA::eGFP with Tc-zen1 Knockdown, LA::eGFP and
Hist::mCherry with Tc-zen1 Knockdown, LA::eGFP and Hist::mCherry with
Tc-caudal Knockdown.
An example 2D+t map projections of an embryo expressing H2A::GFP is
shown in Fig 2.10. This embryo was imaged for 13 hours at 22◦C from the uni-
form blastoderm stage to serosa window closure and early germband extension.
It was imaged from 3 views spaced at 90◦ apart and was registered and fused
using multiview reconstruction plugin in Fiji, as described before. In these
maps, I aimed to measure the total number of serosa and embryonic nuclei over
time and reconstruct their trajectories, to measure the relative contribution
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Figure 2.8: Segmentaion using Ilastik for generating 2D maps using ImSANE Ilastik
is used to recognise the surface of the embryos. In green is the predicted region with the
fluorescent signal and red is the background. Arrow points to the region where green lines
were painted onto the embryo surface.
of the two tissues to the outer surface and compare their velocities to under-
stand the rate of serosa expansion. The analysis of membrane-labeled embryos
could also reveal the cell shape changes and their anisotropies during embryo
development. These measurements will be performed in wildtype and RNAi
knockdown backgrounds for a systematic comparison of their morphogenetic
repertoires.
Quantification of cellular and nuclear dynamics from
map projections of 4D SPIM data
To make these measurements accurately from 2D maps, it is absolutely neces-
sary to correct the distortions arising from tissue projection. The transformed
2D maps are especially distorted at the anterior and posterior poles of the
embryos as seen by the unnaturally large nuclei in these regions. To achieve
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Figure 2.9: MATLAB steps for data projection using ImSANE The 3D point cloud which
represents the surface of the embryo is visualised in MATLAB. The fitting of the surface is
shown in red in a cross section and lateral section. The unfolded 3D embryo is unwrapped
into a cylindrical projection as shown.
this, the nuclei or membranes are segmented using Ilastik [Sommer et al.,
2011] to generate binary images (present 1, not present 0). These images are
analysed by Fiji plugins generated by Robert Haase (MPI-CBG Image Analysis
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Figure 2.10: 2D cartographic maps of nuclei labelled embryos
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Figure 2.10: 2D cartographic maps of nuclei labelled embryos. A) Time-series of 2D
map projections from a fused SPIM movie of a transgenic Tribolium embryo that uniformly
expresses H2A::GFP driven under Tubulin promoter (Kindly provided to us by Peter Kitzmann,
Bucher lab). The movie covers about 13 hrs of development at 22◦C. B)) Selected images
highlighted in orange in A), are shown as an inset. Times are given relative to the uniform
blastoderm stage which is shown as T-0. Time 0 corresponds to ≈9 hours (±30 minutes) after
egg lay, and to ≈0.5 hour (±20 minutes) after the 12th round of divisions.
facility). These plugins quantify various parameters such as number of nuclei,
density of nuclei, apical area of cells, number of cells in a given area and the
average distance between the n number of closest neighbours. In a second
step, these Fiji measurements are corrected based on the correct 3D pixel
information from ImSANE (Vladimir Ulman, Tomancak lab).
Here I provide two examples of data analysis possible from map projections
1. Particle Image velocimetry (PIV)
PIV analysis is a digital image correlation method that is routinely
used in studying fluid flows [Westerweel, 1999]. It quantifies the dis-
placement of fluorescent pixels between successive images. The area
in the image which is correlated between two successive images is pre-
defined, based on the size of the object being tracked [Thielicke, 2010;
Thielicke and Stamhuis, 2014]. Its applications in studying biological
tissues and cellular movements have also been explored. Using PIV on
global movements such as nuclei, tissue flow and actomyosin dynamics
etc., velocity estimations can be made [Bengough et al., 2009; Mayer
et al., 2010; Naganathan et al., 2014]. This information is useful in
measuring the relative movements of different regions of a tissue, in
measuring fluid like behaviour of cells and proteins and in comparing
tissue morphogenesis between wildtype and gene knockdown condition.
I used the PIVlab app in MATLAB to measure the velocities of the
nuclei as the serosa tissue expands and moves [Thielicke, 2010; Thielicke
and Stamhuis, 2014] Fig 2.11. The quantifications were made from
the beginning of the serosa expansion till germband extension on the
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2D cartographic map projection shown in Fig 2.10. The nuclei were
labelled with H2A::GFP and the frame rate was 90 sec acquired at 22◦C.
The images in Fig 2.11 A-F, show the velocities in different regions
of the tissue as a heat map. The images are color coded as shown in
the colour map at the bottom of each image, with blue being lowest
and yellow being highest. The length and direction of the arrows refers
to the magnitude and the direction of movement. The nuclei in the
dorsal region of the embryo show the fastest movements as the serosa
expansion begins (Fig 2.11, C). I averaged the total velocity of nuclei in
two regions of the embryo on the dorsal side to calculate global tissue
movements in these regions ( boxes shown Fig 2.11, C, G). The average
velocities showed that both the anterior and posterior regions of the
dorsal serosa expand and increase in velocity over time ( Fig 2.11, G).
However, the posterior region moves much faster if compared to the
anterior, around the time when the serosa flows over the posterior pole
to generate the posterior amniotic fold. This behaviour is unprecedented
and could provide important insights into the mechanics of the serosa
tissue and the change in its properties during development. However,
additional and more rigorous analysis is needed to calculate the flow
velocities at different temperatures and under perturbed conditions.
2. Tissue density analysis
The Fiji plugins which I developed with Robert Haase (MPI-CBG Image
Analysis facility) and Vladimir Ulman (Tomancak lab), would allow
quantifying a number of parameters such as cell and nucleus area,
number of cells and nuclei in a given area, relative change in density of
cells and nuclei in different regions of the embryo during development.
An example is shown in Fig 2.12 with the input polar map cartographic
projection (Fig 2.12, A) and the segmented image (Fig 2.12, B). The polar
maps are area conserving maps and do not corrections for measuring
cell area. The output images are colour coded by cell neighbourhood
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Figure 2.11: Particle Image Velocimetery analysis (PIV) on 2D maps.
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Figure 2.11: Particle Image Velocimetery analysis (PIV) on 2D maps. A-F) Nuclei
velocities measured using PIV analysis on 2D map projections. The arrows indicated the
direction and magnitude of movement. G)) Velocity of nuclei movement was averaged for two
regions, indicated with boxes in C. Red is for anterior and green is for posterior.
(number of neighbours in a 30 µm radius and the distance between 7
closest neighbours) (Fig 2.12, C and D). As expected, the region that
starts condensing in the center of the maps shows the highest density.
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Figure 2.12: Segmentation and quantification of embryonic tissues
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Figure 2.12: Segmentation and quantification of embryonic tissues A) 2D polar map
projection from a fused SPIM movie of a transgenic Tribolium embryo that uniformly expresses
LA::eGFP driven under Tubulin promoter (Kindly provided to us by Maurijn Van der Zee).
The map is an area conserving projection of an example timepoint. The input raw data (A)
and its segmented output (B) are shown. Segmentation of the membranes was done using
the Ilastik software. c)The lower panel shows the output image which is color coded as in the
LUT colour map. Blue is minimum number of neighbours in a radius of 30 µm and green is
the maximum. textbfD)Similarly, the change in average distance between 7 closes neighbours
is shown. Blue is minimum distance between 7 neighbour cells and green is the maximum.
2.6 Summary
I have established a pipeline for SPIM imaging of transgenic or transiently
fluorescent Tribolium embryos with single or double labelled cells, nuclei and
proteins. With this methodology, image datasets of early Tribolium embryo-
genesis were acquired at high spatial and temporal resolutions both under
wildtype and knockdown conditions. Embryogenesis was reconstructed from
multiple views obtained for hundreds of timepoints either on a local worksta-
tion or with parallel processing on the MPI-CBG computer cluster. To reduce
the size and dimensionality of the reconstructed volumes and to aid visualiza-
tion and analysis, each 4D dataset (3D+time) was transformed with tissues
cartography into a 3D (2D+time) projections of development. Segmentation
and quantification methods were developed for these maps which can provide
quantification for the cellular and tissue dynamics on a global scale. All these
computational steps were carried out with open-access software and were inte-
grated in a singe pipeline that could be easily adapted for studying different
developmental systems in future.
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CELLULAR DYNAMICS OF THE NON
MUSCLE MYOSIN II REGULATORY LIGHT
CHAIN - TC-SQUASH
Introduction
Myosin and Actin form contractile actomyosin filaments that gener-
ate forces required for tissue morphogenesis [Munjal and Lecuit, 2014]. Studies
across various organisms have shown that Actin and the non-muscle Myosin II
(referred to as Myosin henceforth) complexes show polarised subcellular locali-
sations. These localisations determine when and where actomyosin mediated
contractility will be exerted in developing embryos. A schematic illustration of
different developmental stages in which Myosin plays an important role during
tissue morphogenesis in Drosophila embryos is shown in Fig 3.1. Actomyosin
complexes form contractile rings that function in basal cell closure during
cellularisation (Fig 3.1, A) [Royou et al., 2004; Xue and Sokac, 2016], they are
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Figure 3.1: Illustration of various Myosin functions during Drosophila embryogen-
esis. Myosin shows various cellular localisations during Drosophila embryo development. A)
Myosin localises to the furrow canals in between cells and forms rings at the basal sides of
cells. B) Myosin becomes apical in the mesoderm cells. C) Myosin forms short cables that lead
to T1 transitions during germband elongation. D) Myosin forms an actomyosin cable during
dorsal closure
responsible for apical cell constriction during ventral furrow formation (Fig
3.1, B) [Martin et al., 2009], they show planar polarised localisation during
the cell intercalation movements observed in germband extension, (Fig 3.1,
C) [Zallen and Wieschaus, 2004] and they form a supracellular cable during
dorsal closure (Fig 3.1, D) [Franke et al., 2005].
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The non-muscle Myosin II belongs to the Myosin family of molecular motors
which bind to the Actin cytoskeleton and move along Actin filaments via ATP
hydrolyses in their head binding domain [Hartman and Spudich, 2012]. The
various Myosin motors share conserved head domains but are highly variable
in their tail domains, which are specific to each family member. The non-muscle
Myosin II is the major motor generating cortical tensions in epithelial cells. It
is a hexamer composed of two heavy chains (zipper in Drosophila) which have
the ATP hydrolysis domain and bind to actin, two essential light chains (ELC)
and two regulatory light chains (RLC or Spaghetti Squash ) (schematic Fig
1.5). The N terminal end of the motor forms a globular head domain and the C
terminal end forms a coiled coil tail region required for making homodimers.
The homodimers can further form bipolar filaments which are processive
complexes that bind to Actin filaments and can pull on them [Munjal and
Lecuit, 2014].
Myosin motor activity is controlled by phosphorylation and dephosphoryla-
tion of the Myosin regulatory light chains [Kasza et al., 2014], which results
in reversible conformational changes in the head and tail domain. Phospho-
rylation of the RLCs is effected by various signaling pathways modulating
the activity of protein kinases like ROCK (Rho-associated coiled coil kinase)
and citron kinase (both activated by the Rho signalling pathway), MRCK (my-
otonic dystrophy kinase-related Cdc42-binding kinase, activated by Cdc42)
and MLCK (myosin light chain kinase, activated by Ca++) [Matsumura, 2005;
Sellers, 2000]. These are conserved pathways that act downstream of develop-
mental patterning genes and tissue specific transcription factors. For example,
segmentation genes like the pair-rule genes Even-skipped, Runt [Zallen and
Wieschaus, 2004] and transmembrane receptors like Echinoid, Crumbs and
Toll [Harris, 2017] have been shown to control Myosin localisation during
development.
To study the Myosin functions in Tribolium development, I cloned the
coding sequence of the predicted Tribolium Spaghetti Squash gene and fused
it with eGFP and RFPruby in a plasmid vector for in vitro transcription and
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mRNA injection into preblastoderm embryos. In this chapter, I have described
the dynamic subcellular localisations that Tc-Squash exhibited in different
tissues and at different embryogenesis stages. Many of the observed patterns of
Tc-Squash localisation were reminiscent of those described during Drosophila
embryogenesis allowing a systematic comparison between these representative
of long and short germ insect development.
3.1 Tc-Squash dynamics during Tribolium
embryogenesis
Myosin exhibits highly polarised cellular localisations during tissue morpho-
genesis. These can be distinct on a subcellular level, between tissues and also
depend on the developmental stage. In order to study the dynamic localisations
of Myosin over the course of Tribolium development, first, a documentation
that provides an overview of its behaviour during embryogenesis was needed.
In order to describe this, I first acquired 4D timelapse movies of embryos, la-
belled with Tc-Squash::eGFP, using the Zeiss LZ1 SPIM. The different movies
were acquired from 3 or 5 views, at 25◦C or 32◦C. The 3D data was projected
as cartographic maps (as described in the previous chapter). An overview of
the dynamic localisations of Myosin over the course of Tribolium development
is described below.
Before cellularisation, Tc-Squash is dissipated to the energids (the nuclei
surrounded by distinct cytoplasm which migrate to the surface of the em-
bryo before cellularisation) and slowly becomes restricted to cell junctions
(Fig 3.2, A). It then forms prominent ring like structures, one per cell, dur-
ing cellularisation (Fig 3.2, B). As the blastoderm differentiates, the Myosin
intensity decreases from the flattening serosa cells and increases in the em-
bryonic primordium (Fig 3.2, C and D). An increase in Myosin intensity with a
speckled distribution appeared in dividing cells in the embryonic primordium,
presumably at the cytokinetic rings (Fig 3.2, C). As the serosa and the future
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Figure 3.2: Tc-Squash dynamics during Tribolium embryogenesis
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Figure 3.2: Tc-Squash dynamics during Tribolium embryogenesis Map projections of
a 4D timelapse movie of Tribolium embryogenesis, labelled with Tc-Squash::eGFP acquired
using the Zeiss LZ1 SPIM. Insets show zoomed in regions which are marked with arrows.
Tc-Squash localises to cell junctions (arrow in A), as foci/dots in cells during cellularisation
(arrow in B), during cytokinesis in cells in the embryonic region (arrow in C), Myosin forms a
a supracellular cable between serosa and amnion(arrow in D, E and F), at the ventral furrow
(arrowhead in E), in the yolk covering the segmentation zone (arrow in G) and in the yolk cells
that undergo cleavage (arrow in H). Note that the Tc-Squash intensity increases progressively
in cells in the embryonic region.
amnion become distinct, Myosin starts accumulating at the interface, eventu-
ally forming a supracellular cable like structure that spans across multiple
cell boundaries (Fig 3.2, D, E and F). Myosin accumulation in the cable be-
comes progressively more prominent during formation of the serosa window.
Myosin also shows apical enrichment in the Tribolium ventral furrow during
mesoderm cells internalisation (Fig 3.2, E).). I also observed a crescent of
Myosin enrichment in the yolk cell which covers the segmentation zone and
this accumulation moves as the zone is uncovered by the yolk (Fig3.2, G).
Finally, Myosin is also enriched in the yolk spheres that form during cleavage
of the yolk mass concomitantly with the axial elongation of the embryo (Fig3.2,
H).
3.2 Myosin drives basal cell closure during
blastoderm cellularisation
The Tribolium syncytial blastoderm cellularises after 12 rounds of synchronous
nuclear divisions. However, the membranes start invaginating between the
nuclei after the 10th round of nuclear divisions. The invaginated membranes
persist during the two subsequent nuclear divisions, and new invaginations
occur between the daughter nuclei. Drosophila, Actin and Myosin form furrow
canals at the invagination fronts and provide the contractile force necessary to
pull down the membranes [Xue and Sokac, 2016].
I imaged Tc-Squash at high resolution to study its dynamics during cellu-
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Figure 3.3: Tc-Squash shows distinct subcellular dynamics during cellularisation.
Timelapse movie of Tc-Squash localisation during cellularisation in a transgenic line with
GFP tagged Tc-Squash expressed uniformly under the tubulin promoter. The images are
selected z slices from a z stack starting at the apical cortex region B), apico-lateral C), lateral
D), basolateral E) and basal cell regions F). Row labelled as ‘Combined’ shows maximum
projected images of single timepoints A). Tc-Squash shows prominent intercellular rings at
the basal cell region. The scale bar is 10um. Time is in minutes
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larisation (Fig 3.3). I observed that Myosin is present throughout the forming
cells from apical cortex to lateral sides and at the base. The Myosin at the
apical cortex forms a dome shape and shows fluctuations, however, the apical
domed cortex remains distinct between neighbouring cells (Fig 3.3, apical cell
cortex). Myosin in the apico-lateral and the lateral domains of cells shows
loose cell boundaries which constantly fluctuate in shape and increasingly
become smoother. The increased tautness of the lateral domains corresponds
to increased tension in the membranes as cellularisation proceeds probably
reflective of adhesion junction formation between cells (Fig 3.3, apico lateral
domain). The baso-lateral sides also show similar behaviour, with Myosin
enrichment on the membranes. The most interesting and dynamic Myosin
localisation was seen at the basal sides of the cell (Fig 3.3, basal cell domain).
After the 12th synchronous division, Myosin forms intracellular rings, almost
as big as the cell area in diameter at the basal side. These rings constrict
concurrently with the closure of the basal cell side. When the cells close basally
they give rise to an epithelial monolayer. Similar to most insects, Tribolium
embryos form a cuboidal blastoderm epithelium. This is a marked difference
to the well-studied Drosophila blastoderm that is composed of columnar cell
upon cellularization. After completion of cellularisation, Myosin accumulates
in a basal spot in each cell that may correspond to the ring canal that connects
each cells to the underlying yolk-sac ([Handel et al., 2000]). A previous study
on Tribolium cellularisation showed that the gap junction protein Innexin7a is
needed to stabilize the forming basal membranes and enable basal cell closure,
suggesting also the formation of junctions between the blastoderm cells and
the underlying yolk plasma membrane [van der Zee et al., 2015]. This same
study did not report any ring-like accumulation of Actin at the basal side
during cellularisation ([van der Zee et al., 2015]). Therefore, it is still an open
question, whether the constricting Myosin rings drive the formation of basal
membranes in the Tribolium blastoderm by pulling on Actin filaments or some
other cytoskeletal filaments, such as septins.
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3.3 Myosin shows planar polarity in the
embryonic tissue
The Tribolium blastoderm cellularises during interphase of the 13th cycle and
blastoderm differentiation starts shortly afterwards. During differentiation,
the cells in the embryonic primordium go through an asynchronous 13th round
of divisions, they start changing their shape from cuboidal to columnar, and
they condense towards the ventral side of the egg. At the tissue level, the
embryonic epithelium undergoes a number of conspicuous rearrangements:
the prospective mesoderm internalizes at the ventral side in a posterior to
anterior direction, the prospective ectoderm condenses ventrally resealing
the epithelium along the ventral midline and at the same time starts fold-
ing on itself forming a stereotyped sequence of amniotic folds. It has been
shown that during embryonic condensation, ectodermal cells intercalate on
a global scale along the dorsal-ventral axis decreasing the number of cells
and junctions along this axis and increasing the number of cells and junc-
tions along the anterior-posterior axis [Benton et al., 2016]. I could observe
a polarised distribution of Tc-Squash in the lateral ectoderm during conden-
sation. Myosin becomes enriched at the vertical cell contacts (oriented along
the dorsal-ventral axis). This enrichment is either localised in individual cell
contacts or spans multiple neighbouring vertical cell interfaces giving rise
to short transient actomyosin cables. In the case of unicellular Myosin accu-
mulation, the junctional remodeling mediating the rearrangement of 4 cell
neighbors proceeds through an ordered pattern of disassembly and reassembly
known as T1 transition [Rauzi et al., 2008]: the anisotropic distribution and
contractility of the Myosin leads to the collapse of the vertical junction and the
temporary fusion of the two old 3-way vertices into a single 4-way vertex that
is resolved in perpendicular orientation into the two new 3-way vertices upon
formation of the new horizontal junction (oriented along the anterior-posterior
axis). This sequence of junctional remodeling has been previously described
during germband extension in Drosophila [Bertet et al., 2004].
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Figure 3.4: Tc-Squash is localised in a planar polarised manner in the Tribolium
ectoderm. Images show Tc-Squash localisation in Tribolium embryos at successive develop-
mental stages in a transgenic line with GFP tagged Tc-Squash expressed uniformly under the
tubulin promoter. Arrows mark the Tc-Squash localisation in embryonic region. Lateral views
of embryo at A)) Differentiated blastoderm, B)) and C)) primitive pit and posterior amniotic
fold formation and D)) Serosa window formation stages. Tc-Squash shows polarisation in D-V
axis of the embryo. Scale bar is 50 µm.
In addition to T1 transitions, in Drosophila multiple vertical junctions
coalesce simultaneously during later elongation stages forming multicellular
rosettes that are resolved into multiple new horizontal junctions [Blanken-
ship et al., 2006; Walck-Shannon and Hardin, 2014]. Rosettes involves 5 or
more cells that constrict their shared vertical interfaces in concert, meet at a
single point creating high-order vertices, and then resolve in perpendicular
orientation. Rosette formation is driven by a multicellular actomyosin cable
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that is connecting all constricting cell boundaries. Although several short
multicellular vertical Myosin cables were observed transiently in Tribolium
, I could not confirm their involvement in rosette formation. Additional high
resolution imaging and dual labelling with a membrane marker is needed to
analyse the role of these cables in embryonic condensation.
3.4 Myosin accumulation and apical
constriction of putative germ cells at the
posterior pole
The first morphogenetic movement of the differentiated Tribolium blastoderm
is detected at the posterior pole that gets displaced from the vitelline mem-
brane. The posterior pole first becomes flat and then forms a pit, known as
primitive pit, which is considered the posterior midgut rudiment [Handel et al.,
2000]. It was previously suggested from electron microscopy analyses that
primitive pit formation is effected by cells at the posterior pole reducing and
flattening their apical sides [Handel et al., 2000]. I wanted to investigate the
cell shape changes which lead to the formation of the posterior amniotic fold
and study the Myosin dynamics in this process. This however, poses a technical
issue if imaging is done using confocal microscopes.
The Drosophila and Tribolium embryos are relatively flat on the lateral
sides, elongated in the anterior-posterior direction and highly curved at the
two poles. This limits the possibility to image the poles since the embryos
always lie on the flat side on slides and due to limited depth of field with
20X or 40X objectives, the cells at the pole are not visible. Therefore, the only
alternative to image the cellular dynamics at the poles is to stick the embryos
vertically on slides at their anterior or posterior poles. This however, again has
limited depth of field which can be imaged and often causes perturbations to
normal development. Fortunately, these issues are circumvented if the imaging
is done using the multiview modality with SPIM. The multiple views not only
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Figure 3.5: Apical constrictions at the posterior pole precede amniotic fold forma-
tion. Images from a timelapse movie of embryos labelled with LA::eGFP. The movie was
acquired from 5 views at 1 minute time resolution and fused with multiview reconstruc-
tion plugin in Fiji. Selected images are shown using BigDataViewer. A) Lateral view shows
LA::eGFP in cells. Arrow points to the posterior pole. B) Images show the posterior pole of
embryos. Scale bar is 50 µm.
cover all the regions of the embryo, the increased depth of imaging with SPIM
also aids in imaging the poles. With multiview registration and fusion of the
different views (as described in the previous chapter), full and complete 3D
reconstruction of embryos is possible. These datasets can be then opened with
software like IMARIS or the BigDataViewer plugin in Fiji [Pietzsch et al.,
2015], to visualise the cellular dynamics at the poles.
I investigated the formation of the primitive pit and the posterior amniotic
fold by imaging the Actin and Myosin dynamics using the Zeiss LZ1 SPIM.
I imaged embryos labelled with LA::eGFP or the Tc-Squash ::eGFP (Fig 3.5,
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Figure 3.6: Tc-Squash accumulates at the posterior pole during primitive pit for-
mation and amniotic fold formation. Images from a timelapse movie of embryos labelled
with Tc-Squash::eGFP. The movie was acquired from 5 views at 5 minute time resolution
and fused with multiview reconstruction plugin in Fiji. Selected images are shown using
BigDataViewer. A) Lateral view shows Tc-Squash::eGFP accumulation in the apical region of
cells. Arrow points to the posterior pole. B) Images show the posterior pole of embryos. Scale
bar is 50 µm.
3.6). LifeAct::eGFP imaging indicated that cells at the posterior pole are the
first to start columnarisation. This region then progressively becomes flatter
and undergoes apical constrictions similar to the ventral furrow in Drosophila
creating wedge shaped cells at the pole (Fig 3.5, A). Following the apical
constrictions, a notch at the posterior pole is created and the amnion folds
over the embryonic region, creating the amniotic fold. Interestingly, the pole
projections showed that a group of cells in the center of the posterior pole
undergo apical constrictions and invaginate (Fig 3.5, B).
Myosin has been extensively studied in cells which undergo constrictions.
The ventral furrow in Drosophila shows apical constrictions by selective lo-
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calisation of Myosin to the apical sides of the prospective mesodermal cells
[Martin et al., 2009]. Myosin also localises apically in vertebrate neural tube
cells that undergo apical constrictions [Rolo et al., 2009]. The multiview imag-
ing of Tc-Squash in the embryos showed that Myosin starts accumulating in
the posterior pole during differentiated blastoderm stage. As the primitive
streak and the posterior amniotic fold formation progress, Myosin is seen
enriched apically at the pole as seen in lateral sections(Fig 3.6, A). the polar
projections also that that a group of cells in the middle of the posterior pole
enrich a large amount of Tc-Squash::EGFP and this could correspond to the
apically constricting cells as seen in embryos marked with LA::eGFP.
It was previously shown that the pole shows a narrow ring of twist positive
cells [Handel et al., 2004] and that the transcripts for the Tribolium vasa gene,
which is a widely conserved marker for germ cells, accumulate in the posterior
pole [Schröder, 2006] My vasa and tudor insitu experiments also indicated that
this is the region where the Tribolium germ cells could be forming (Appendix).
Therefore, Myosin mediated apical constrictions might be important for the
primitive pit and amniotic fold formation and internalisation of the putative
Triboliumgerm cells. Additionally, in Drosophila, fog, a secreted ligand is
required for apical constrictions in the ventral furrow. It will be interesting
to investigate if this role is conserved in Tribolium and the posterior pole
accumulates Myosin apically via fog activity.
3.5 Myosin pulses during apical constriction
of mesoderm cells
The ventral furrow is the region where the mesoderm invaginates during
gastrulation. During condensation of the Tribolium embryonic primordium,
the ventral furrow proceeds from posterior to anterior [Handel et al., 2004].
Like in the case of the posterior pole cells, Myosin becomes enriched in the
apical domain (Fig 3.7, A, B, C) leading to the constriction and wedging of the
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Figure 3.7: Tc-Squash localisation in ventral furrow and at serosa-amnion bound-
ary. Images show Tc-Squash localisation on the ventral side of embryos at successive develop-
mental stages, in a transgenic line with GFP tagged Tc-Squash expressed uniformly under
the tubulin promoter. Arrows mark the Tc-Squash localisation in cells undergoing apical
constrictions at the ventral furrow. Arrowheads mark a supracellular Myosin cable formed at
the serosa window. Scale bar in A-C is 50 µm and D) is 10 µm.
internalising mesoderm cells.
It has been shown in Drosophila that apical constrictions in mesoderm cells
are not continuous, but they take place in a stepwise manner through repeated
cycles of constriction and stabilization of the apical surface resembling a
mechanical ratchet [Martin et al., 2009] [Mason and Martin, 2011]. These
constriction pulses are correlated with rounds of Myosin and Actin coalescence
(and dissipation) from the perimeter to the center of the apical cell surface,
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Figure 3.8: Tc-Squash localisation at the apical cortex of cells. Images from a time-
lapse movie show Tc-Squash pulses on the apical side of cells in the ventral mesoderm region
A and in serosa cells B. A transgenic line with GFP tagged Tc-Squash expressed uniformly
under the tubulin promoter was used for imaging. Arrows mark the cortical pulses in the
same cell.
representing the periodic contractions of the actomyosin network in the medial
apical cortex [Martin et al., 2009; Roh-Johnson et al., 2012]. I also observed
cortical pulsations of Myosin in the Tribolium mesoderm cells undergoing
apical constrictions (Fig 3.8, A). In these cells, Myosin forms coalescing foci
that appear and disappear periodically in the medial apical region, very similar
to those described in Drosophila. Interestingly, similar Myosin pulses were also
detected in the serosa cells close to the embryonic-extraembryonic boundary
that may also contribute to the cell shape changes observed in this region (Fig
3.8, B).
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3.6 Myosin accumulates at the
extraembryonic-embryonic boundary to
form a contractile supracellular cable.
The polarised localisation of Myosin in Tribolium embryos is detected tran-
siently in single or few cell interfaces during intercalation of ectoderm cells
(described above), but also in a stable enrichment across multiple cells at the
interface between the extraembryonic and embryonic primordia. This higher
order accumulation of Actin and myosin, generally known as an actomyosin
cable, produces contractile forces in a variety of physiological and develop-
mental processes [Röper, 2014]. I performed a systematic investigation of the
formation, dynamics and mechanics of the Tribolium actomyosin cable during
serosa epiboly and serosa window closure. These results are described in the
next chapter (Chapter 4).
3.7 Summary
The imaging analysis of Myosin (Tc-Squash ) during early embryogenesis of
Tribolium identified its diverse roles in various developmental processes and
morphogenesis events:
• Myosin forms contractile rings that close off the basal side of cells during
cellularisation of the uniform blastoderm.
• Myosin becomes enriched apically in the putative germ cells causing the
flattening and invagination of the primitive pit at the posterior pole.
• Pulsatile Myosin accumulations in the medial apical domains of meso-
derm cells could contribute to apical constriction and invagination of
mesoderm cells in the ventral furrow.
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• The polarised enrichment of Myosin along the vertical cell junctions
drives the dorsal-ventral intercalation and convergent extension move-
ment of the ectoderm.
• Myosin forms a supracellular contractile cable at the extraembryonic-
embryonic boundary that contributes to serosa epiboly. Most of the ob-
served Myosin dynamics are conserved between Drosophila and Tri-
bolium, while some are unique for Tribolium embryogenesis (see Discus-
sion).
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A SUPRACELLULAR ACTOMYOSIN CABLE
OPERATES DURING SEROSA EPIBOLY
Introduction
Supracellular actomyosin cables function in various processes such as
wound healing, tissue compartmentalization and epithelial morphogenesis.
They can be present as static structures separating cell populations at com-
partment boundaries, form circumferential contractile cables to seal gaps in
epithelia or arise as short transient cables that facilitate cell intercalation
during convergent extension movement of tissues [Röper, 2014]. In the case of
Tribolium, it was previously postulated that an actomyosin cable might play
an active role in serosa window closure in purse string-like manner [Benton
et al., 2013; Handel et al., 2000]. During embryo gastrulating, the serosa ex-
traembryonic epithelium expands dramatically in size to cover the entire egg
surface, forming an outer layer underneath the vitelline membrane (Fig 1.3,
schematic). This serosa epiboly is concomitant with the folding of the embry-
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onic primordium and the involution of the prospective amnion first posteriorly,
then laterally and finally anteriorly[Benton et al., 2013; Handel et al., 2000].
Once an oval amniotic fold has formed underneath the germband, the ensuing
opening, known as serosa window, gradually closes until the outer serosa layer
detaches from the inner amnion ((Fig 1.3, schematic). It has been suggested
that the serosa epithelium is an evolutionary novelty of the insect eggs that
protects them from desiccation and provides them with the full range of innate
immune responses against pathogens [Jacobs et al., 2013, 2014; Jacobs and
van der Zee, 2013].
In this chapter, I describe the emergence and spatiotemporal dynamics
of an actomyosin cable at the extraembryonic-embryonic tissue boundary. I
analyse the cable shape changes and the expansion and shrinkage dynamics
during serosa epiboly and serosa window closure. Additionally, I explore the
behaviours of serosa cells over time, both within the serosa tissue and at the
edges contributing to cable formation. These descriptions are then supple-
mented with a mechanistic analysis of cable tension using laser ablations and
genetic perturbation by RNAi knockdown. Throughout this chapter, I use the
following staging system for Tribolium early embryogenesis:
• Formation of uniform blastoderm : Stage 0
• Initiation of blastoderm differentiation : Stage 1
• Initiation of the posterior amniotic fold : Stage 2
• Horseshoe amniotic fold : Stage 3
• Oval amniotic fold : Stage 4
• Serosa window closure : Stage 5
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4.1 Actin and Myosin accumulate at the
extraembryonic-embryonic boundary
The emergence of a supracellular actomyosin cable at the interface of the
extraembryonic and embryonic primordia was previously identified as a mem-
brane thickening in embryos labelled with the membrane GAP43-YFP reporter
(REF Benton2013). In this work, I imaged the actual components of the pre-
sumptive cable using the LifeAct tag to label Actin and the Tribolium regula-
tory Myosin light chain (Tc-squash) to label the non-muscle Myosin II during
serosa epiboly. The embryos were labelled either transiently with mRNA en-
coding the LifeAct::eGFP or Tc-squash::eGFP fusion proteins or stably with
transgenic lines ubiquitously expressing these constructs (αTub-LifeAct::eGFP
line kindly provided by Maurjin Van der Zee and αTub-Tc-Squash::eGFP line
generated by our lab).
During the early stages, the actomyosin cable extended around the em-
bryo circumference and only during the later stages coalesced at the ventral
side. The availability of the SPIM multi-view acquisitions, the reconstruc-
tion of entire embryos over time, and the tissue cartography representations
described in Chapter II enabled to trace the origin, dynamics and disappear-
ance of the supracellular Actin and Myosin enrichment from early blastoderm
stages until serosa window closure. Both Actin and Myosin start accumulating
progressively at the extraembryonic-embryonic boundary when blastoderm
differentiation becomes evident (Stage 1) (Fig 4.1, A,B) (Fig 3.7) (Fig 4.2). At
this stage, the non-divdinging serosa cells change from cuboid to squamous
and start expanding their apical areas, while the embryonic cells undergo the
13th round of cell divisions and start becoming columnar. This creates a tissue
boundary with cells of different fates and properties present on either side. The
actomyosin accumulation becomes more pronounced as the extraembryonic-
embryonic boundary passes around the posterior pole (Stage 2) and peaks
during the last stages of serosa window formation and closure (Stage 3-5) (Fig
4.1, C,D).
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Figure 4.1: Actin accumulates in a supracellular cable like alignment. Maximum
intensity projections of embryos labelled with LifeAct::eGFP to mark Actin are shown.The
images were acquired using the Zeiss LSM 780 microscope. A,B) shows lateral projections
of embryos at Stage 1 and 2 respectively. C,D) show ventral projections at Stage 3 and 4
respectively. Arrows mark the supracellular Actin assembly. Scale bar is 50 µm.
4.2 The actomyosin assembly migrates
ventrally till it forms the rim of the serosa
window
One particular problem that I needed to solve in my analyses is that the bright
fluorescent edge of the involuting amnion and the auto-fluorescence from the
underlying yolk obscure the actual cable in maximum intensity or average
intensity projections. To address this issue, I performed tissue cartography
by peeling the data into several layers to visualise the embryo at different
specified z depths. I then combined the selected layers into a single image
by color-coding differentially the surface layer (Fig 4.3, Cyan) and the deeper
layer (Fig 4.3, magenta).This analysis first confirmed that during Stages 1-3
the actomyosin cable and the extraembryonic-embryonic boundary lag behind
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Figure 4.2: Actomyosin dynamics in the differentiated blastoderm.
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Figure 4.2: Actomyosin dynamics in the differentiated blastoderm. Map projections
show the dorsal side of the embryos in cartographic projections from a 4D timelapse movie of
LifeAct::eGFP A) and Tc-squash::eGFP B) labelled embryos. Arrowheads point to the Actin
and Myosin accumulation at the serosa-prospective amnion boundary. C) Illustration depicts
the dynamic change in the shape of the actomyosin assembly on the dorsal side of embryos.
the involuting amnion on the posterior side of the embryo. Initially the tissue
boundary is located at the surface of the embryo (Cyan) but it later becomes
visible deeper in the embryo (magenta). Only once the amnion involution is
completed and the serosa window is formed, the cable reaches the rim of the
serosa window which is positioned a little deeper and not at at the surface of the
embryo (Fig 4.3, 2:00 hr). These results suggest that the involuting amnion is
pulling the serosa on all sides, eventually positioning the actomyosin cable and
the tissue boundary at the rim of the serosa window. It seems plausible but still
needs to be tested experimentally whether the condensation of the embryonic
primordium is the primary force generator for this epithelial rearrangement.
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Figure 4.3: Actomyosin dynamics during serosa window closure.
85
CHAPTER 4. A SUPRACELLULAR ACTOMYOSIN CABLE OPERATES
DURING SEROSA EPIBOLY
Figure 4.3: Actomyosin dynamics during serosa window closure. Cartographic projec-
tion of a transgenic Tribolium embryo labelled with LifeAct::eGFP showing the ventral side.
Images are depth coded with cyan representing the surface layer of the embryo and magenta
showing the deeper underlying layers. The supracellular actomyosin assembly is indicated by
arrows. The cable is initially visible in cyan and then later in magenta. Time is in hours.
Figure 4.4: The cable changes in depth at the serosa window. A) Images from a time-
lapse movie show LifeAct::eGFP on the apical surface of the embryo on the ventral region.
Dynamic Actin filopodia are seen projecting to the vitelline membrane. Note the absence of
the cable on the surface. B) Schematic shows the relative position of the actomyosin cable
with respect to the serosa and amnion cells. The serosa cells become curved as they are pulled
by the adjacent tissue. Time is in hours. Scale bar is 50 µm.
To visualize this change in depth at higher resolution, I imaged embryos
labelled with LifeAct::eGFP under a confocal microscope. The confocal datasets
confirmed that the cable follows the amnion involution from the surface of
the embryo into the inner layer of the oval amniotic fold where it remains
positioned at the rim of the serosa window (Fig 4.4, B). Interestingly, the supra-
cellular Actin cable is not visible at the surface of the surface of the embryo
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during the serosa window closure, although maximum intensity projections
show its presence. This happens because the serosa cells at the boundary of the
cable bend over the window (Fig 4.4, schematic). In addition, this experiment
identified several active apical filopodia extending from the serosa cells to the
vitelline membrane (Fig 4.4 A) as previously shown in electron microscopy
images [Handel et al., 2000].
4.3 The actomyosin cable shows dynamic
shape changes during serosa window
closure
During serosa window closure, the cable shows very dynamic shape changes.
In order to characterise these changes from early formation until complete
closure of the window, I marked the cable outline at successive stages of a time-
lapse SPIM movie projected as 2D map (Fig 4.5, A). This analysis revealed that
the Tribolium actomyosin cable is very different from the previously reported
cables, like the eye shaped cable involved inDrosophila dorsal closure or the
more circular cables involved in wound healing [Brugués et al., 2014; Kiehart
et al., 2000]. The Tribolium cable adopts several distinct shapes at different
stages of serosa epiboly. It starts out as a loose zig-zag boundary between
the amnion and the serosa (Fig 4.5, C). This boundary progressively becomes
smoother and more refined as the closure proceeds. Once the extraembryonic-
embryonic boundary moves to the ventral side of the embryo, the actomyosin
cable appears stretched with an ordered alignment of the cell borders con-
tributing to it. During serosa closure, the cable adopts several shapes starting
as triangular, continuing as oval and ending up with a more isotropic circular
shape (Fig 4.5, C).
The anterior part of the cable persists as a rigid, bar like linear boundary
giving the cable a triangular shape. The triangular cable changes into a circular
shape when the anterior bar becomes curved.
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Finally, I used the distortion-corrected cartographic representations of
SPIM imaged embryos (outlined in Chapter II) to measure the total length
of the actomyosin cable from its formation to closure. This analysis revealed
a biphasic actomyosin cable at the extraembryonic-embryonic boundary that
initially increases in length followed by a progressive decrease in length (Fig
4.5, B) until it disappears completely after sealing the serosa epithelium.
Figure 4.5: Time evolution of the actomyosin cable during serosa window closure.
Cartographic projection of a transgenic Tribolium embryo labelled with LifeAct::eGFP. A)
Dynamic change in the actomyosin cable shapes during serosa window closure with different
timepoints indicated in different colours (stages 2-4). The colourbar indicates time from 0-5
hours. B) Change in the circumferential length of the cable measured on a 2D cartographic
projection of a 4D SPIM dataset in which the embryo was labelled with LifeAct::eGFP. The
cable shows biphasic length dynamics.C) The various shapes of the cable between Stage 1-4
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4.4 Serosa cells increase in area till circular
serosa window stage
It is well documented that the serosa cells expand their apical areas as they
become squamous over time. In order to quantify this cell expansion, I mea-
sured the apical areas of serosa cells on the dorsal side of the embryos at about
50% embryo length. The apical cell areas increases and nearly triples from
Stage 1 to Stage 3 (Mean area Stage 1-3 is 227 µm2, 549 µm2, 679 µm2) till
the serosa window becomes triangular (Stage 3) (Fig 4.6 A, B). Interestingly,
the increase in apical cell area is not significant (p value between Stage 3 and
4 is 0.94) (Fig 4.6, B) between Stage 3 and Stage 4, when the serosa window
is circular and decreases in size,. This indicates that the main phase of cell
expansion - at least dorsally - ceases when the amnion involution is complete.
It follows that the remainder of serosa epiboly until it fully covers the egg
surface is effected by cell expansion in other parts of the serosa epithelium.
Unfortunately, the very fast movement of the cells during serosa expansion
prohibited tracking and quantification of expansion in single cells on a global
scale, and will require SPIM datasets to be acquired with 30-60 sec temporal
resolution. Despite this caveat, I identified several instances of serosa cell
rearrangements during window closure. In particular, serosa cells close to the
window underwent passive intercalation perpendicular to the cable pulling
force (Fig A.1).
4.5 Tension in the serosa tissue increases
during epibolic expansion
The observations that the serosa cells on the dorsal side of the embryos do not
increase their area between Stage 3 and Stage 4 and that the cells become pro-
gressively squamous indicated that serosa tissue might change its mechanical
properties over time.
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Figure 4.6: Quantifications of the increase in serosa cell area. The serosa cells increase
their apical area as they become squamous. A) Images from double labelled embryos with
LifeAct::eGFP and nGFP marking Actin and nuclei respectively. The dorsal area of the embryos
was imaged. Scale bar is 10 µm. B) Boxplots show the total apical area of cells from Stage
1-4. Stage 3 and Stage 4 are not significantly different. The pair wise significance between
appropriate pairs is tested using parametric Student’s TTEST and p value between 0.05-0.01
is *, 0.009-0.001 is ** and highly significant < 0.001 is ***. The Stage 1 n = 72 and N= 4, Stage
2 n = 65 N = 6, Stage 3 n = 79 N = 4, Stage 4 n = 77 N = 8. n = no. of cells and N is number of
embryos per stage.
The expansion and thinning of the serosa is one of the most salient fea-
tures of early Tribolium embryogenesis. In order to get an insight into the
mechanical basis of serosa epiboly, I measured the tension in the tissue by laser
ablations at different developmental stages. Laser ablation is the most widely
used method in vivo to study the role of mechanical stresses in morphogenesis
by measuring the recoil velocity of the ablated edges [Farhadifar et al., 2007;
Mayer et al., 2010; Rauzi and Lenne, 2011; Solon et al., 2009]. Laser cuts can
be inflicted at the boundary of two cells or on a tissue wide scale by cutting
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Figure 4.7: Analysis of tensions in the serosa tissue with laser ablations. A) Boxplots
show the decay in the recoil velocity from laser ablations of the serosa performed at the same
dorsal position of the embryo, from Stage 1-4. B) Initial recoil speeds are compared between
Stage 1, Stage 3 and Stage 4. The pair wise significance between appropriate pairs is tested
using parametric Student’s TTEST and p value between 0.05-0.01 is *, 0.009-0.001 is ** and
highly significant < 0.001 is ***.
several neighbouring cells in a single big cut [Aliee et al., 2012; Rauzi and
Lenne, 2011]. I used the latter approach to estimate the tension in the serosa
tissue by making a single big laser cut across 3-4 cells. The dorsal side of laser
ablated embryos was targeted at the beginning of serosa expansion (Stage1),
at the triangular cable shape (Stage 3) and at the circular cable stage (Stage 4).
In all cases, the cell membranes snap apart and start retracting post ablation.
The tension in the tissue is estimated by calculating the recoil velocity of the
ablated edges with faster velocities indicating higher tension in the ablated
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tissue [Smutny et al., 2014].
I observed that the initial recoil speed of the ablated serosa was lowest in
stage 1, higher in stage 2 and highest in stage 3 indicating that the tension
in serosa increases over time (Fig 4.7 B). Surprisingly, the decay in the recoil
velocities of the ablated cells in stages 3 and 4 showed an oscillatory profile
instead of the typical exponential decay seen post laser ablations (Fig 4.7 A).
This finding suggests that the physical properties of the serosa epithelium
may change over time as it becomes subjected to increased tension.
4.6 Serosa cells decrease their apical areas
after laser ablation
Since the serosa tissue showed increased tension with time, laser cuts should
release the tension and relax the tissue. To measure the effect of ablation on
the rest of the serosa tissue, I measured the change in the apical areas of
non-ablated cells adjacent to the laser ablated cells at Stages 3 and 4 (Fig 4.8).
These neighbouring cells immediately start decreasing their apical areas post
ablations. The ’first order’ neighbours (cell making direct contacts with the
ablated cells) decrease their apical areas to the smaller size observed at Stage
2 (Stage 3 cells decrease their area from 679 µm2 to 494 µm2 and Stage 4 cells
689 µm2 to 474 µm2) (Fig 4.8, After laser ablation). This result suggests that
the cell flattening and epibolic expansion of the serosa is a passive process
effected by the neighbouring tissues, in particular the pulling forces exerted
by the condensing embryonic primordium. A similar relaxation of tension after
laser ablations has also been reported in the amnioserosa tissue in Drosophila
[Kiehart et al., 2000].
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Figure 4.8: Neighbour cells decrease their apical areas post laser ablation. Compari-
son of the apical cell area of the serosa cells on the dorsal side of embryos before laser ablation
(previously shown in Fig 4.6) and the area of the neighbouring cells after laser ablation
(at Stage 3 and 4). Apical cell areas decreases significantly after ablations. The pair wise
significance between appropriate pairs is tested using parametric Student’s TTEST and p
value between 0.05-0.01 is *, 0.009-0.001 is ** and highly significant < 0.001 is ***. After
ablation Stage 3 n = 13 N = 5, Stage 4 n = 27 N = 7. n = no. of cells and N is number of embryos
per stage.
4.7 Tension in the actomyosin cable increases
during serosa epiboly
As described earlier, the actomyosin cable changes its length and shape during
serosa epiboly (Fig 4.5). In addition, the tension in the serosa also increases
indicating that it takes a larger force to pull the serosa over time. Together,
these observations suggest that the tension in the actomyosin cable might also
change during serosa expansion. I measured the change in cable tension by
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Figure 4.9: Analysis of cable tension with laser ablations.
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Figure 4.9: Analysis of cable tension with laser ablations. A) Max projection of confocal
z stacks from 3 different developmental stages (Stage1,2 and 4). Arrow points to the region of
the cable that was ablated. Scale bar is 50 µm. B) Timelapse images to show the movement
of the ablated edges post laser cut. Time is in seconds. Scale bar is 10 µm. C) Kymograph of
the recoiling membrane edge at the 3 stages. Increased slope of the kymographs indicates the
increase in the recoil velocity over time. D) The exponential decay in the recoil velocity of the
ablated edges measured at the three stages. The initial recoil between Stage 1 and Stage 4 is
significantly different.The pair wise significance between appropriate pairs is tested using
parametric Student’s TTEST and p value between 0.05-0.01 is *, 0.009-0.001 is ** and highly
significant < 0.001 is ***. Stage 1 n > 10 in each cases, n = number of embryos.
laser ablation and calculation of the recoil velocities between the two edges
(Fig 4.9, C). As the cable spans across several cells and eventually forms the
rim of the serosa window, I ablated individual boundaries between two cells
perpendicular to the length of the cable. The cuts were performed near the
anterior head lobe region at Stage 1 (Fig 4.9, A) and Stage 4. I also ablated
the cable near the posterior pole at Stage 2 for an independent comparison
at an intermediate stage. The distance between the two ablated edges of the
boundary was calculated after ablation, to measure the recoil speeds (Fig 4.9,
C).
As expected, the tension in the actomyosin cable increases over time. The
initial recoil velocity becomes nearly double at the circular serosa window
stage (Stage 4) as compared to the differentiated blastoderm stage (Stage 1)
(Fig 4.9, D). The kymograph projections of the movement of the ablated edges
also showed a faster recoil at Stage 4 (Fig 4.9, C). This increased cable tension
presumably also results in the increased stretching and straightening of the
cable over time. Previous studies on Drosophila wing disc have shown that
the increase in the straightening of the actomyosin cable at the dorso-ventral
compartment boundary correlates with an increased tension measured by
laser ablations [Aliee et al., 2012]. Overall, these results are consistent with a
scenario whereby an increasing amount of contractile cable force is required
to successfully close and seal the serosa window, which could be due to the
increasing resistance from the stretched serosa and/or the adjacent amnion
epithelia.
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4.8 Myosin dynamics at the cable changes
between early and serosa window stage
Since Myosin is the force-generating molecular motor that pulls on Actin
filaments, the increase in cable tension should be mediated by a change in
Myosin contractility at the cable. It has been shown previously, that cell
boundaries under higher tension exhibit increased levels of Myosin and lower
rates of Myosin dissociation compared to cell boundaries under lower tension
[Fernandez-Gonzalez et al., 2009; Fernandez-Gonzalez and Zallen, 2009]. I
approached this question by measuring the change in Myosin intensity at the
cable, as well as the rate of Myosin dissociation by Fluorescence Recovery
After Photobleaching assay (FRAP). I first imaged and compared the Myosin
level in the cable in a Tc-squash::eGFP transgenic line from Stage 1 to Stage 4
(Fig 4.10). I observed an enrichment in Tc-squash::eGFP levels that exhibit
a more homogeneous and dense labelling of the cable over time. Therefore,
the increase in cable tension correlates with an increase in the amount of
Myosin present on the cable. Unfortunately, despite several attempts, I could
not obtain any specific staining in Tribolium embryos with the commercially
available antibodies against the active phosphorylated form of myosin.
Figure 4.10: Myosin localisation and structure at the cable changes between early
and serosa window stage. Tc-squash::GFP labelling of the cable at Stage 1 and Stage 4.
Myosin localisation becomes denser at Stage 4. Scale bar is 10 µm.
In order to measure the increased stability of Myosin at the cable and
the rate of dissociation, I performed the FRAP assay. FRAP assays are used
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to monitor protein stability and dynamics by monitoring the fluorescence
recovery in the region of interest after its bleaching with a high-intensity laser
beam[White and Stelzer, 1999]. The total percentage of the recovered fraction
is estimated by fitting an exponential curve to the fluorescence recovery profile
after background correction and normalisation to the initial values. After
quantification and fitting of the curve, the half time for the recovery (τ0.5) is
measured, which indicates the time it takes to reach 50% of the final amount
recovered. I bleached a small region of the cable and calculated the recovery of
the Tc-squash::eGFP fluorescence signal. The analysis was performed at the
early Stage (Stage 1) and the circular serosa window stage (Stage 4).
Figure 4.11: FRAP analysis of Myosin recovery. A) FRAP recovery profile of Tc-
squash::eGFP from the Stage 1 (differentiated blastoderm, early cable) and B) from Stage 4
(Circular cable). ’A’ denotes the mobile fraction and τ is the half time for recovery.
The preliminary analysis of FRAP experiments, showed significant dif-
ferences in terms of mobile fraction and half time of recovery between early
and late stages (Fig 4.11). In the late stage, the recovery is slower (based
on τ _0.5) than early stage, however the overall mobile fraction seems to be
increased. The slower recovery based on τ _0.5 can be due to lower dissociation
of the mobile fraction, due to localized activity of the Myosin related to higher
contraction of the cable or due to local recruitment of the protein. In both
cases (Irrespective of due to recruitment or higher diffusivity), it indicates
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stronger local dynamics of Myosin at the late-stage, which is consistent with
the observation of higher local tension.
4.9 Individual cell membrane shrinkage and
cell rearrangements decrease the cable
circumference
The mechanism of cable contraction and sealing of the serosa window is still
unclear. In other well-studied cases, actomyosin cables either show zippering
to align the two sides of a tissue (e.g. neural tube closure) or circumferential
purse string-like pulling of cells together to a central point (e.g. wound healing)
[Röper, 2014]. To understand the mechanism of the serosa window closure
and the dynamics of the supracellular cable in this process, I tracked the cells
whose interfaces contribute to the constricting cable from the circular serosa
window stage (Stage 4) onwards using the manual tracker plugin in Fiji (Fig
4.12).
Interestingly, I observed that serosa cells which form the cable, slowly
decrease their cable forming edge and exclude from the cable (Fig 4.12, A).
Although these cells progressively leave the cable, they intercalate between
the neighbours thus remaining in the serosa epithelium (Fig 4.12, B). As a
result, effectively the total number of cells that form the actomyosin cable
decreases with time during the window closure. This results in shortening of
the circumference of the serosa window. In conclusion, the Tribolium serosa
window cable exhibits a modified purse string-like mechanism; its circumfer-
ence shrinks centripetally reducing the number and size of participating cell
edges similar to wound healing cables.
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Figure 4.12: Cell behaviours at the edge of the actomyosin cable during its shrink-
age. Selected cells contributing to the cable are indicated. Cells shrink their membranes and
are slowly extruded from the cable leading to an overall decrease in cable circumference. B) An
inset of the cell highlighted in blue and yellow from panel A). Heterogeneity in Tc-squash::GFP
(MyosinII) labelling along the cable circumference. Tc-squash is enriched in shrinking cell
edges. D) Montage of a manually extracted and straightened cable over time from panel C),
Myosin enriched junctions shrink to a point. E) Cable tension is not relieved by consecutive
cuts as indicated by the measured recoil speeds. Scale bar is 50 µm.
In order to describe the behaviour of the cable forming cells over time, I
decided to compare the cable forming cells at an earlier stage when the amnion
involution is still proceeding (Stage 2) and later stages. For this, I manually
highlighted the cells that form the serosa window at Stage 2 and Stage 4 using
Fiji plugins (Fig 4.13A and B respectively).
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Figure 4.13: Cell shapes changes in the cable forming cells. Cell shape changes of the
cable forming cells at Stage 2 A) and Stage 4 B). A) Selected cells contributing to the cable are
indicated. Cells elongate perpendicular to the cable. An inset of the highlighted cells which
elongate in the direction of the arrow. B) Cell anisotropies show elongated cells at Stage 4.
Cell shrink their cable forming edge. Time is in minutes. Scale bar is 50 µm.
I observed that not only the cells exclude from the cable, the cells forming
the cable also slowly elongate, perpendicular to the serosa window. At both
stages, the cells become increasingly anisotropic in their shape and appear
to be pulled by the closing window. This indicated that the cells at the cable
boundary are under high tension and probably as a passive response to the
pulling forces exerted by the cable, the anisotropy in their shapes increases
over time.
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4.10 Myosin dynamics at the cable during
serosa window closure
The analysis of the cable-forming serosa cells revealed that the circumference
of the serosa window decreases due to cells shortening their cable forming
edges. However, these cells contributed to the cable circumference with dif-
ferent lengths of their cable forming edges, suggesting that the degree of
cell border shrinkage varies between cells in the cable. Additionally, the ex-
truded cells intercalate between their neighbours in the serosa, a process that
is mediated by planar polarised actomyosin enrichment during germband
morphogenesis in Drosophila and Tribolium.
Figure 4.14: Myosin enrichment at cell junctions in the cable. Images are from a
timelapse movie with Tc-squash::eGFP label. Heterogeneity in Tc-squash::eGFP labelling is
seem along the cable circumference. Tc-squash is enriched in shrinking cell edges. Arrows
mark a cell that leaves the cable and intercalates into serosa. Arrowheads point to increased
Tc-squash intensity at a cell edge about to leave the cable. Time is in minutes. Scale bar is 50
µm.
For these reasons, I imaged Tc-squash::eGFP at very high temporal reso-
lution together with a membrane marker during late serosa window closure
stage (Fig 4.14) to understand the contribution of Myosin in the extrusion
and intercalation of serosa cells. I observed that the Tribolium squash not
only forms a supracellular circular alignment, it also shows enrichment at
the cell-cell junctions on the cable and shows a patchy localisation. Addition-
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ally, Myosin is enriched in cells that are shrinking their cable-forming edges,
become highly anisotropic perpendicular to the cable and finally intercalate
between their neighbours in the serosa.
Figure 4.15: Myosin dynamics at the cable during serosa window closure. A) Tc-
squash::eGFP shows patchy localisation along the cable circumference. Tc-squash is enriched
in some cells (Arrows). B) Montage of a manually extracted and straightened cable over time
from A. Images are displayed in the green fire blue LUT in Fiji and green corresponds to
higher and blue to lower intensity levels. Time is in minutes. Scale bar is 50 µm.
I studied in more detail the variation in Myosin enrichment along the
cable by imaging Tc-squash::eGFP labelled embryos during the circular serosa
window stage (Stage 4) (Fig 4.15). I observed that although Tc-squash accumu-
lation is continuous in the circular cable, its intensity is heterogeneous and
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patchy (Fig 4.15, A) as the Myosin levels vary between the cable-forming edges
of different cells. I used a Fiji based computational approach to segment the
cable from time-lapse recordings and represent it as a straightened entity to
study the Myosin dynamics in different regions of the cable . This analysis
showed that the shrinking rates in different regions of the cable correlate with
their Myosin levels (Fig 4.15, B). Cable segments with higher levels of Myosin
appear to shrink faster suggesting that Myosin contractility varies between
the cable-forming cells.
4.11 Tension in the cable is not relieved after
multiple laser cuts
The different cells contributing to the cable showed variations in their cable-
forming edges and associated Myosin levels, giving the cable a patchy appear-
ance. These results raised the question whether the seemingly supracellular
actomyosin cable is indeed a higher-order contractile structure or it is the sum
of coordinated but still autonomous contractile cell units. I hypothesized that
if the cells shrink their cable-forming edges in an autonomous manner, then
their tension would not be affected by prior laser ablations at other position
in the cable. For this reason, I performed sequential ablations in the cable
at different regions (Fig 4.16, A) and observed that the tension in the cable
is not decreased after the first cuts. Instead, the recoil speeds of the ablated
cell edges remain comparable even after three successive cuts of the same
cable (Fig 4.16, B, C). Although the tension in the abated cell is released
after cutting, other cable-forming cells at a distance remain unaffected under
high tension and continue shrinking autonomously. These results support the
idea that cable-forming serosa cells host independent contractile actomyosin
networks that somehow are coordinated and aligned in such a way to resemble
a supracellular contractile apparatus.
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Figure 4.16: Successive laser cuts show comparable recoil velocities.
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Figure 4.16: Successive laser cuts show comparable recoil velocities. Cable tension
is not relieved by consecutive cuts as indicated by the measured recoil speeds. A) Maximum
intensity projection of confocal z stacks from 3 successive and different laser cuts. Arrow
points to the region of the cable that was ablated. Scale bar is 50 µm. B) The decay in the
recoil velocity of the ablated edges measured for the three successive cuts. C) comparison of
the initial recoil for the three cuts. The pair wise significance between appropriate pairs is
tested using parametric Student’s TTEST and p value between 0.05-0.01 is *, 0.009-0.001 is **
and highly significant < 0.001 is ***. n = 10 in all cases.
4.12 Analysis of the actomyosin cable in
Tc-zen 1 knockdown
The Tribolium zerknült 1 (Tc-zen 1) gene is a derived Hox3 homeodomain
transcription factor that specifies the extraembryonic serosa primordium. It
is expressed as an anterior dorsally tilted cap in the uniform blastoderm
[van der Zee et al., 2005]. Parental and embryonic RNAi against Tc-zen1
leads to a complete loss of serosa and an anterior shift in the embryo‚Äôs fate
map (Kristen Panfilio, personal communication) [van der Zee et al., 2005].
Embryos knocked down for Tc-zen1 can develop normally and hatch but the
serosa window formation and closure fail to complete. Since the actomyosin
cable forms at the extraembryonic-embryonic interface, I hypothesized that no
actomyosin cable would be detected after Tc-zen1 knockdown.
For these experiments, eggs were co-injected with the dsRNA against Tc-
zen 1 and the mRNA encoding LA::eGFP. The injected embryos were incubated
overnight at 25◦C and imaged the following day. Surprisingly, I observed a
partial knockdown phenotype with a reduced anterior serosa primordium and
a corresponding increased and anteriorly shifted embryonic primordium (Fig
4.17). These embryos exhibit a delayed serosa window formation but eventually
complete closure (Fig 4.18, A). Unlike in wildtype embryos, the amnion folding
and involution are much slower, resulting in embryos that complete mesoderm
invagination while they are still uncovered ventrally (4.17, B arrowhead).
Such a hypomorphic phenotype has not been reported previously in Tc-zen
1 RNAi experiments and may be associated with the co-injected LA::eGFP
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Figure 4.17: Embryonic knockdown of Tc-zen. Embryos were co injected with dsRNA for
Tc-zen and LA::eGFP mRNA for labelling. Maximum intensity projection of confocal z stacks
of different embryos to show the lateral A) and the ventral views B). Arrow points to the
amnion which is not completely involuted. Arrowhead points to the ventral furrow
Actin reporter and/or the overnight incubation of injected embryos at a lower
temperature at 25◦C. A detailed analysis of Tc-zen 1 RNAi phenotypes with
other co-injected mRNA constructs and with different incubation temperatures
is still needed to confirm the specificity of this partial phenotype.
Despite this caveat, this hypomorphic phenotype provided an ideal opportu-
nity to investigate the actomyosin cable dynamics under perturbed conditions.
As described earlier for wildtype embryos, I used SPIM imaging and laser
ablations to analyse the cable shapes and tension in Tc-zen 1 knockdown
embryos (Fig 4.18, A) (Fig 4.3, 4.5). Unlike in the wildtype condition, the cable
had a circular appearance after Tc-zen 1 knockdown throughout the various
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phases of serosa window formation and closure (Fig 4.18, B).
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Figure 4.18: Cable dynamics during serosa window closure after Tc-zen knockdown
by RNAi.
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Figure 4.18: Cable dynamics during serosa window closure after Tc-zen knockdown
by RNAi. Tc-zen homeodomain transcription factor specifies serosal cell fate. After Tc-zen
knockdown the actomyosin cable exhibits an altered shape compared to wildtype.A) Panels
show cartographic projections as in Fig4.3 B) Dynamic change in cable shapes during serosa
window closure after Tc-zen knockdown with different timepoints indicated in different colors
(stage 2-4) C) The Initial recoil velocity measured after laser ablations is not different between
Stage 1, Stage 3, and Stage 4. D) Comparison of the initial recoil velocity post laser ablation
between wildtype and knock down. The recoil velocity at Stage 4 is significantly different
between the two. No increase in cable tension is seen in Tc-zen knockdown condition. The pair
wise significance between appropriate pairs is tested using parametric Student’s TTEST and
p value between 0.05-0.01 is *, 0.009-0.001 is ** and highly significant < 0.001 is ***. . n > 10
in each case.
The tension in cable increases over time (Fig 4.9). After Tc-zen 1 knockdown,
embryos have a prolonged amnion involution and a delayed formation and
closure of the serosa window. I assessed the tensions in the cable with laser
ablations at at comparable stages and positions described for wildtype embryos
(Fig 4.18, C). The measurement of the initial recoil velocity post ablation at
the three stages showed that the tension in the cable do not increase over time
in the Tc-zen 1 knockdown embryos. Interestingly, the initial recoil velocity
in wildtype and Tc-zen 1 knockdown remains comparable at Stage 1 and
although it becomes nearly double in wildtype by Stage 4, it remains constant
Tc-zen 1 knockdown (Fig 4.18, D).
4.13 Summary
The results in this chapter show that an actomyosin cable forms at the embryo-
extramembryonic boundary during serosa window closure in Tribolium. This
cable starts appearing as an Actin and Myosin accumulation during the differ-
entiated blastoderm stage (Stage 1) at the boundary between the serosa and
future amnion. It spans across the dorso ventral diameter of the embryo and
increases in size till it reaches the ventral side (Stage 2) after the posterior
amniotic fold formation. Interestingly, the actomyosin cable is under high
tension which increases as the serosa window closure proceeds. The cells in
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serosa tissue on the dorsal side of the embryos increase in area to nearly
triple, from Stage 1 -3. Concurrent with the expansion, the tension in the
serosa epithelium also increases with time. This indicates that the serosa
epithelium changes its mechanical properties and increased force is required
to seal the epithelium during the serosa window closure. The actomyosin cable
appears as a modified purse string as the cells which contribute to the cable
sloly shrink their cable forming membrane and intercalate into the serosa,
thereby decreasing the circumference of the cable. Additionally, the cell’s seem
to shrink in an autonomous manner as tension in different regions of the cable
are not relieved after successive ablations. Lastly, the tension in the cable do
not increase over time in Tc-Zen1 knockdown embryos which have reduced
serosa and expanded embryo. Together these results show that investigations
into the dynamics of the actomyosin cable which plays a role in serosa window
closure could provide interesting insights into the mechanics of actomyosin
cable formation and function.
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DISCUSSION
5.1 Reconstruction of insect embryogenesis
using lightsheet microscopy and tissue
cartography
Early embryogenesis in Tribolium is not only a better representative of
insects, but also is quite different from the well studied Drosophila embryogen-
esis. Unlike Drosophila, the extensive extraembryonic membranes show tissue
expansion, tissue folds and involution. This provides an excellent opportunity
to study how changing gene expression patterns and gene regulatory net-
works, between Drosophila and Tribolium have influenced cell behaviour and
actomyosin dynamics between these systems. Therefore, the establishment
of Tribolium as a model to study tissue morphogenesis, complemented with
the existing studies on gene functions and expression patterns sets a platform
for comparisons of cellular and molecular dynamics between different insect
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species. Therefore, it has become imperative to provide an exhaustive and
in toto description of the cell dynamics that mediate tissue morphogenesis,
through shape changes, cell divisions, tissue folding, convergent extensions, etc.
However, live imaging to study tissue dynamics in Tribolium is just beginning
and protein dynamics during development haven’t been described. This leaves
a lot of scope and need for detailed characterisation of various developmental
stages, to study morphogenesis in particular and development in general.
Recently, complete 4D dynamics of nuclei and cell behaviours are becom-
ing available for embryogenesis in various model systems using lightsheet
microscopy [Ahrens et al., 2013; Amat et al., 2015, 2014; Shah et al., 2017].
Therefore, I decided to not only use confocal based live imaging assays to inves-
tigate tissue morphogenesis in Tribolium, but rather combine SPIM imaging
with confocal. The in toto information of 4D dynamics feeds into providing a
global description of morphogenetic events, which can then be probed at higher
resolutions using confocal. However, the rate limiting step in live SPIM imag-
ing of non model species remains the lack of transgenics with proteins tagged
to fluorescent labels. Generating transgenic lines in newly emerging systems
can be a long and cumbersome protocol followed by screening the lines for good
signal to noise ratio, viability and background affects. This often results in
creation of lines which are not very useful due to dim signal, patchy expression
etc. Alternatively, transient labelling with injection of dyes, proteins, DNA
constructs or mRNA is becoming a method of choice in non model organisms. It
is being widely used in systems like crustaceans, annelids etc. Its adaptation
in Tribolium for both confocal imaging [Benton et al., 2013] and now SPIM
allows for imaging nuclear, cellular and protein dynamics, circumventing the
need for transgenics.
I have streamlined the steps of labelling, imaging and image analysis to
study 4D cellular dynamics using the SPIM microscopes in Tribolium in a easy
to adapt pipeline. This pipeline requires an initial step of cloning any protein of
interest from the Tribolium genome into a plasmid containing a fluorescent tag
and which is suitable for capped mRNA synthesis. The embryos are labelled
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by mRNA injection, mounted and imaged with SPIM and then open access
Fiji plugins are used for data processing. Following this, the 4D data can be
manipulated such that slices can visualised using the BigDataViewer(BDV,
Fiji)[Pietzsch et al., 2015] or IMARIS and cartographic maps can be made.
Finally, it is also possible to make measurements on the 3D (2D + time) maps to
provide a quantification of tissue behaviours. So far, I have used this workflow
for gaining an overview of the Actin and Myosin dynamics in different regions
of the embryo. The 3D maps were used to describe actomyosin behaviours
right from the uniform blastoderm stage to serosa window closure. Next, this
pipeline will be used for labelling, imaging and analysing nuclear and cell
dynamics. I can track the serosa and embryo nuclei on the maps and this
data will be used to identify tissue movements in the embryos. It is possible
to calculate the cell shape change in any region of the embryo on the maps
and I am using the BigDataViewer plugin in Fiji for analysing cross sections
and sagittal sections of the embryo. This straightforward approach to visualise
isotropic 3D data allows for observation on cellular and molecular dynamics in
different regions of the embryo. As an example, I could observe the actomyosin
dynamics at the posterior pole of the embryos and the cell shape changes such
as apical constrictions using this approach.
The establishment of a SPIM image acquisition, processing and analysis
pipeline for studying Tribolium embryogenesis now sets up a platform for
analysing 4-Dimensional cell dynamics. Further, it is possible to investigate
the conserved or novel role of proteins in tissue morphogenesis by labelling
any protein of interest, co-labelling it with membrane and nuclei and studying
its embryo wide dynamics in both wildtype and genetic knockdown conditions.
However, the SPIM imaging remains limited in its applications, since it pro-
duces large datasets ranging up to a few terabytes. The injected embryos have
lower viability compared to wildtype and transgenics and die more often while
imaging. Therefore, the specific SPIM data observations need to be supple-
mented with higher replicates, collected for each stage using confocal. Together,
these techniques combine to give pan embryo visualisations and dynamics
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followed by high resolution analysis in specific regions and stages. In addition
to providing in toto dynamics of Tribolium embryogenesis, this workflow pro-
vides a standardised approach for future investigations into non-model insect
embryogenesis as well.
5.2 Conserved Myosin II behaviours and its
implications on morphogenesis across
insects
Contractile actomyosin networks are important force generatoring machinery
in cells during morphogenesis. A summary of research in Drosophila indi-
cates that Myosin II adopts various subcellular localisations depending on
the constricting region, such as, Myosin II mediated contractility functions at
the apical medial region of cells, in the junctional belt, in lateral membranes
and at the basal side of cells in different events. This makes studying cellular
Myosin II localisations very relevant from two perspectives- first, understand-
ing signalling molecules that regulate Myosin II function at specific cellular
regions in a tissue and second, the regulation of this activity between tissues
and over the course of organism development.
Myosin II localisation and dynamics showed that it behaves in a very
similar manner during Tribolium embryogenesis if compared to Drosophila.
A summary of the comparable subcellular Myosin behaviours between Tri-
bolium and Drosophila is shown in the Fig 5.1. During cellularisation, it
forms contracting rings at the basal sides of both columnar and cuboid cells
in Drosophila and Tribolium respectively indicating towards its conserved
role in cellularisation across epithelia types [Xue and Sokac, 2016]. It localises
apically and shows cortical pulsations in the apically constricting cells of the
ventral furrow and the posterior pole of Tribolium. Both of these localisations
are similar to the previously reported Myosin dynamics in Drosophila ventral
furrow cells [Martin et al., 2009]. It shows planar polarity in the condensing
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Figure 5.1: Comparison of Myosin functions during different stages of development
between Drosophila melanogaster and Tribolium castaneum.
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Figure 5.1: Comparison of Myosin functions during different stages of development
between Drosophila melanogaster and Tribolium castaneum.
Dm = Drosophila melanogaster , Tc = Tribolium castaneum
A) Both Drosophila columnar cells and Tribolium cuboidal cells in the blastoderm show
similar Myosin rings at the basal side of cells. B) Myosin is localised in the apical region of the
mesoderm cells leading to apical constrictions in Drosophila. Myosin shows apical localisation
in constricting cells in the Tribolium posterior pole and ventral furrow. C) T1 transitions by
short contractile Myosin cables functions in germband extension in Drosophila. Tribolium
ectoderm shows short Myosin cables and Myosin polarity. D) Myosin forms actomyosin cable
during Dorsal closure in Drosophila. Myosin forms a contractile cable during serosa window
closure in Tribolium.
lateral regions of the future ectoderm in Tribolium, similar to Drosophila
[Zallen and Wieschaus, 2004] and lastly it forms a supracellular cable between
the extraembryonic and embryonic tissue in both systems, albeit at different
developmental stages [Franke et al., 2005]. These results indicate towards con-
served functions of non-muscle Myosin II in several morphogenetic processes,
in both short germ and long germ insects.
This opens up a field of questions regarding molecular mechanisms that
regulate Myosin II activity in the short germ insects, in both holometabolous
and hemimetabolus species, such as- How is the apico-basal and planar po-
larity systems established in the Tribolium embryo? How do they regulate
Myosin activation in specific subcellular locations? Is the Rho-ROK mediated
regulation of Myosin II activity a conserved mechanism across insects? Further,
is the change in the expression pattern of early patterning genes and their
regulations, the prime reason behind early morphogenetic diversity between
Drosophila and Tribolium embryos? As an example, the developmental stages
for which upstream gene expression functions have been previously studied
and which could play a role in regulating celullar morphogenesis through
actomyosin functions are discussed below.
• First, it is known that twist and snail in Drosophila regulate Myosin
activity [Desprat et al., 2008; Leptin, 1991; Martin et al., 2009]. Snail
initiates Myosin contractions at the apical sides of cells while twist
is required for stabilisation of the constricted state of cell apices. In
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the Tribolium embryos, twist and snail express in a ventral stripe and
Tc-twist is expressed in a ring of cells in the posterior [Handel et al.,
2004]. Additionally, Tc-twist is also required for mesoderm formation
in the beetle. I observed that Tribolium squash localises apically in the
ventral furrow cells which are undergoing constrictions and it also shows
pulsations in the cortex. Whether Tc-twist and Tc-snail regulate Myosin
activity in mediating apical constrictions in the beetle is not known.
Therefore, by observing Myosin dynamics in the ventral furrow cells
in knockdown, it would be interesting to see whether the Tc-twist and
Tc-snail have conserved roles in regulating Myosin activity similar to
Drosophila in the ventral furrow cells.
• Second, a combination of toll receptor genes express in stripes and
regulate planar Myosin localisation during convergent extensions in
Drosophila germband extension [Paré et al., 2014]. The Tribolium toll
genes have been implicated in cell intercalations and also express in
stripes [Benton et al., 2016]. This indicates that there might be a con-
served role of Tribolium squash in axis elongation, which is under the
control of toll genes. For this, the Myosin behaviour in toll knockdowns
still need to be analysed.
• Third, one of the major challenges with conventional microscopy is that
the anterior and posterior poles of embryo are very difficult to image
since the depth of field is restricted and the embryos are curved. How-
ever, this limitation is circumvented with multiview SPIM imaging and
reconstruction. I was able to observe the cell and actomyosin dynamics
at the posterior pole of the embryos using 3D reconstructed embryos.
The SPIM datasets showed that the cells at the posterior pole are among
the first to begin columnarisation and then undergo apical constrictions.
I also observed an apical accumulation of Myosin in the apically con-
stricting cells at the posterior pole. These cells then create a posterior
notch at which the posterior amniotic fold begins and the tissue involutes.
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Interestingly, this region contains mist and concertina expressing cells
and the primitive pit formation is blocked in the Tc-fog RNAi (Nadine
Frey, Siegfried Roth, personal communication). In Drosophila, fog is a
secreted ligand required for apical constrictions that binds to its receptor
mist. This indicates that a mechanism very similar to the apically con-
stricting ventral furrow cells in Drosophila could be functioning at the
posterior pole of the beetle. Analysis of squash localisation in fog, mist
and concertina knockdowns and its effect on apical constrictions might
reveal that by changing the spatial region in which these genes function,
similar morphogenetic process are seen.
• Lastly, the Tribolium zen gene expresses as a dorsally inclined anterior
cap [van der Zee et al., 2005]. The Drosophila homologue expresses in
a dorsal cap. A comparison of the serosa/amnion cell shapes and am-
nioserosa could reveal interesting parallels due to similar downstream
mechanisms and actomyosin behaviour. I observed the formation of an ac-
tomyosin cable at the serosa-prospective amnion boundary in Tribolium
which is a similar juncture as the amnioserosa and embryo boundary
in Drosophila. However, the Tribolium serosa cable occurs at a much
earlier developmental stage and has completely different dynamics and
is discussed in the next section.
The conserved Myosin dynamics between Drosophila and Tribolium indi-
cate that on a more local spatial scale, similar morphogenetic mechanisms
occur at the cellular and molecular level in the embryos. Early embryogen-
esis however, is dramatically different between them with extensive tissue
expansion and folds in case of Tribolium. This indicates that the patterning of
specific Myosin mediated cellular morphogenesis events is largely regulated by
the activity of the upstream regulatory genes. Therefore, developmental hete-
rochrony leading to a change in expression pattern and timing of regulatory
genes might play a key role in the resulting morphological differences between
the embryos of these species. A possible testing of this hypothesis by altering
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gene expression patterns and documenting the resulting cell shape and Myosin
dynamics might reveal novel insights into developmental differences between
embryos.
5.3 A contractile supracellular actomyosin
cable functions serosa window closure in
Tribolium
The expansion of the serosa tissue to envelop the entire embryo is a 3-
dimensional and dynamic process. The serosa cells to do not divide but pro-
gressively flatten and become squamous while the embryonic cells become
columnar and show tissue condensation. The increase in serosa area could be
an active process by the serosa cells or could also result due to pulling forces
generated by the condensing embryonic region. Following serosa expansion
and the future amnion involution, a window is created in Tribolium embryos
between the multiple layers of the anterior and posterior folded tissues. This
window is sealed to generate a continuous serosa epithelium and joins the
anterior and posterior amnion. It is not known how the serosa window seals
and the tissue mechanics that could be involved were unclear as well.
I characterised the formation and evolution of a previously speculated
contractile actomyosin cable at the serosa-prospective amnion boundary. A key
step in Tribolium embryo patterning is the subdivision of the initially homoge-
nous blastoderm into extraembryonic and embryonic regions. Differences in
gene expression in these two domains divide them into different cell fates and
functionally distinct regions. The cells of the serosa are not part of a lineage
and rather are grouped into a domain by a higher order regulation through
zen expression, forming a non-lineage boundary rather than a ’compartment’
[Umetsu and Dahmann, 2015]. At this boundary, Actin and Myosin starts
accumulating creating a higher tension interface. Actomyosin cables are often
formed at tissue boundaries which have cells with different fates on either side.
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The mechanism by which this boundary is sensed in Tribolium could depend
on the Tc-zen expression. Previous studies have also shown that heterophilic
interaction of adhesion molecules is required for sensing tissue boundaries
and a similar mechanism might function at the embryo extraembryonic tissue
boundary as well[Chang et al., 2011].
The Tribolium serosa cable appears as an irregular structure in the first
phase due to cell arrangements. Cell divisions in the embryonic region and
future amnion, and the change in shape of serosa cells make the cable boundary
initially irregular. This irregular boundary transitions into a smooth and linear
supracellular alignment as cell edges become more taut with time. Additional
high resolution cell lineage analysis is required to ascertain whether cells at
the boundary end up in the wrong domain by mixing, and if so whether they
readjust their gene expression to become homogeneous with the tissue.
The serosa window actomyosin cable has completely unprecedented length
and shape dynamics. It seems to have biphasic properties with an initial
expansion phase and a second collapsing one. The boundary cable initially
expands in length due to increased area of the serosa epithelium. Once the
serosa moves over the posterior pole and the lateral embryonic folds are
generated, the actomyosin boundary cable starts decreasing in size. This
indicates that probably the initial expansion phase of serosa overcomes the
contractility in the cable. However, once the serosa expansion and movement
is stabilised and the serosa window is formed, the cable increases in tension
due to increased actomyosin contractility.
The serosa window cable increases in tension concomitant with increased
tension in the serosa. Additionally, the serosa cells on the dorsal region of the
embryos expand till circular window stage. The increased tension in serosa
indicates that the mechanical properties of the tissue change and it becomes
harder to pull the tissue and seal the window. Therefore, the increased tension
in the cable is required to overcome the resistance and continue with a con-
tinuous and constant closure rate. The increase in tension could be through
increase in Myosin stability or an increase in Myosin activation by phosphory-
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lation at the cable region. The serosa cells which are a part of the cable forming
edge show high myosin, slowly constrict and intercalate into the serosa to
leave the cable. This decrease in number of cable forming cells leads to an
overall decrease in the circumference of the cable. This is also reflected in
the increased anisotropy of cell shapes at the cable edge. The cable forming
cells shrink their edge and leave the cable to intercalate in between their
neighbours. This also indicates that the force generated by the cable could lead
to rearrangements in the serosa that could be sufficient to seal the epithelium.
Interestingly, I also saw that the cable forming cells retain high tension
even after successive ablations at different positions. This offers a new insight
into our understanding of supracellular cables. It indicates that instead of
a continuous supracellular cable, the Tribolium serosa window cable rather
functions as a linked chain of individual contractile units. These units constrict
irrespective of others in an autonomous manner. High Myosin intensity at the
cell-cell junctions could be required to meditaed the force transmission across
cells. The dynamic shape changes, biphasic closure profile and the increase
in tension indicate that it could serve as an important system for gaining
insight into actomyosin cable’s formation and function. It was recently shown
that the Drosophila dorsal closure cable is dispensable for the closure but
rather functions in creating a seamless closure. The Tribolium serosa window
cable also seems to function via individual and autonomous cell constrictions.
This has important implications on our understanding of such supracellular
assemblies. The cable could eventually be an alignment of cell edges due to
force getting balanced as all cells constrict.
From a tissue mechanics perspective, the cable is formed at an interesting
juncture. It is formed between the squamous serosa and the columnar em-
bryonic cells. At this boundary, the cell adhesion and cell properties might be
different and inhomogeneous. It seems that since the serosa cells increase in
tension which is relieved by ablations, a tug of war might occur between the
serosa and embryonic tissue, with the condensing embryo pulling the serosa
which resists the pull and behaves as an elastic sheet. The release of tension
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upon ablations indicates that the serosa cells also have some contractility
and propensity towards decreasing their apical areas. It could play a role in
increasing the tensions at the cable. Further, as it becomes harder to pull the
serosa, the cells at or near the cable become more and more anisotropic. Is the
constriction of cable forming edge resulting in cell area decreasing or is the cell
area constant and just re-organising edges? The role of junction proteins in
these processes is also unexplored. For e.g., in Drosophila echinoid mediated
cell sorting is required but it would be relevant to see if it has a conserved role
in Tribolium.
Contractile actomyosin cables seem to be highly conserved and function
in various epithelium sealing events with dissimilar cell fates on either side
of the cable. The Tribolium serosa window cable provides a first example of
such a structure in short germ insects. It is a supracellular structure that is
not formed in Drosophila since it lacks the extensive extraembryonic tissues
during gastrulation. Since several insect embryos have varying degrees of
serosa-amnion tissues, it will be interesting to see if they all form such cables.
Also, whether the tension change in the cable is correlated with serosa amount
and serosa properties can be asked by studying the serosa window cable in
other insect embryos. Finally, it would be interesting to study whether the
mechanism of cable closure is conserved, which is neither zipper but rather
a modified purse string. This opens up the possibility to investigate whether
dissimilar cell fates at the two sides of the cable lead to its formation and
whether this plays a role in the directionality of serosa expansion and eventual
position of serosa window. An experimental approach to understand these
ideas would be best supplemented if modelling of morphogenesis in the beetle
and other insect systems could be carried out computationally. Modelling
and simulations of the mechanical properties of tissues and their impact on
the tensions in an actomyosin cable could reveal important insights into the
formation and functions of these structures.
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6.1 Tribolium stock maintenance
All Tribolium stocks were cultured on bio whole wheat flour (Vollkorn) as
previously described in the beetle book. Pre-sieved Vollkorn flour was used for
egg lays. The flour was frozen at -20◦C for 2 days and thawed at 65◦C for 1
day before use. Yeast powder was added separately when changing flour for
the beetles. The beetles were cultured in lock n’ lock plastic boxes which have
a 2-3 cm diameter wide hole in the lid covered with fine nylon mesh to allow
air exchange. Stocks were also maintained in plastic bottles typically used for
Drosophila cultures. All stocks were kept at 32◦C and 70% humidity.
List of beetle stocks used:
•
• Vermilion white
• EFA::nGFP
• αTub:LifeAct::GFP
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• EFA:Gap43::YFP,Hist::RFP (Averof lab, unpublished)
• αTub:Tc-Sqsh::eGFP
6.2 RNA extraction and cDNA synthesis
cDNA was synthesised from total RNA extracted from 24-48hr old egg lay.
Total RNA was extracted using the TRIzol reagent (Invitrogen) according to
the manufacturer’s instructions. cDNA synthesis was carried out using the
"Superscript III First-strand Synthesis System for RT-PCR" kit (Invitrogen),
according to the manufacturer’s instructions. The template was total RNA
extracted from 0-48 hr old Tribolium embryos, and oligo(dT) primers were
used.
6.3 Cloning of templates for mRNA synthesis
and transgenesis
The following plasmids were generated for invitro mRNA synthesis or Tri-
bolium transgenesis:
-pT7-TcSqsh::RFPRuby
-pCS2+-TcSqsh::eGFP
-pBAC-αTubTcSqsh::RFPRuby
-pBAC-αTubTcSqsh::eGFP
-pCS2+-Syn21TcSqsh::sfGFP
-pCS2+-Tczen1::eGFP
The predicted Tribolium Squash (non muscle myosin regulatory light chain)
gene was cloned from cDNA into a pT7-H2B-RFPRuby plasmid, using primers
(Tc-sqh-PciI-F 5’-ttaaacATGTCGTCCCGGAAAACCGTAAAC-3’ Tc-sqh-XhoI-R
5’-acttctcgagTTGCTCATCCTTATCCTTGG-3’).
The H2B sequence was replaced by the Tc-Sqsh fragment amplified from
cDNA. The PciI and XhoI restrictions enzymes were used for linearizing the
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plasmid. The gene shares 93% similarity with the Drosophila Squash gene
and was identified using BLAST (NCBI). The following reagents were used in
cloning from New England Biolabs : PciI (#R0655S), XhoI (#R0146S), EcoRI
(#R3101S), NcoI (#R3193S), the Shrimp Alkaline Phosphatase (#M0371S),
the T4 DNA ligase (#M0202S), the Phusion High-Fidelity DNA Polymerase
(#M0530S) and dNTPs (#N0447S).
The Tc-Sqsh was subcloned into pCS2+ and pBac plasmids from the pT7-
TcSqsh::RFPRuby construct.
The cloned Tc-Squash sequence-
ATGTCGTCCCGGAAAACCGTAAACCGCCGTGGCACCACGAAAAAACGAG
CCCAAAGGGCCACTTCCAACGTGTTTGCCATGTTCGACCAGGCCCAGATC
GCCGAATTCAAGGAGGCCTTCAACATGATTGACCAGAACCATGATGGGTT
TGTGGACAAGGAGGACCTGCACGACATGCTGGCCTCCTTGGGCAAGAAC
CCCACCGACGACTACCTCGATGGTATGATGAACGAGGCCCCGGGGCCCA
TCAACTTCACCATGTTCCTGACGCTGTTCGGGGAGAGGCTGCAAGGGACG
GACCCCGAGGACGTGATCAAGAACGCGTTTGGGTGCTTCGATGAGGACA
ACATGGGGGTTATCAACGAGGAGCGGCTGAGGGAGTTGCTGACTACGA
TGGGAGACAGGTTCACCGACGACGAGGTGGATGAGATGTACAGGGAGGCC
CCCATCAAGAACGGGTTGTTCGATTATGTGGAGTTCACTCGTATTTTGAA
ACATGGGGCCAAGGATAAGGATGAGCAA
I isolated two pBAC-αTubTcSqsh::RFPRuby transgenics in the lab using
standard protocols. These lines were however, very dim and not very fertile. I
then proceeded with generating transgenics using the pBAC-αTubTcSqsh::eGFP
construct. I generated the plasmid and then shipped it to the company :Tri-
GenES, IGFL, Johannes Schinko/Averof lab (29 rue Alexander Fleming 69007
Lyon France). Eight transgenic lines were isolated and shipped to us by the
company. All eight lines show fluorescence and I proceeded with characterising
and using the pBac-Tc-Sqsh::eGFP line #1 and/or #2 for all my experiments.
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Figure 6.1: Alignment of Squash isoforms from Drosophila melanogaster and Tri-
bolium castaneum.
6.4 dsRNA synthesis for RNAi experiments
The Tc-zen was knocked down in embryos using dsRNA synthesised from
CDNA using the primers Zen1: FW- ggccgcggTTTGAAAACCAAGCCGTTCT
and REV- cccggggcCGTTGGGGTTGAGTTTCTTG
The dsRNa against Tc-zen and Tc-caudal were also ordered from the
company Eupheria Biotech (Eupheria Biotech GmbH, Tatzberg 47-51, 01307
Dresden, Germany. phone: +49(0)351-463-40285. web: www.eupheria.com).
This company sysnthesised the dsRNA for the iBeetle screen [Schmitt-Engel
et al., 2015] and the numbers for Tc-zen and Tc-caudal are iB-01304 and
iB-04348 respectively.
6.5 Capped, single stranded RNA synthesis
Plasmids were linearised using NotI or EcoRI. Linearized DNA was purified
then precipitated and resuspended in nuclease-free water to give a concentra-
tion of approximately 500 ng/µl. Capped mRNA was prepared from linearized
plasmid DNA using either the T7 (for pT7) or SP6 (for pCS2+) mMESSAGE
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mMACHINE (Ambion #AM1344 and #AM1340) kit, according to the manufac-
turer’s instructions. After digestion with TURBO-DNase, RNA was purified by
LiCl precipitation overnight at -20C. RNA was precipitated by centrifugation,
and resuspended in 5 µl nuclease-free water to achieve about 3 µg/µl final
concentartion and quantified on a Nanodrop spectrophotometer.
6.6 Fluorescence image acquisition
Dechorionation
Tribolium eggs were dechorionated prior to micro injections and live imaging
with very mild bleach treatment. The eggs were collected in embryonic sieves.
Two wells, in a six well plate, were filled with about 16% commercial Klorix
in PBS. The remaining four wells were filled with PBS. The eggs were lightly
washed with PBS and then moved to the bleach containing wells for 30secs
each. The eggs were repeatedly stirred by continuously pouring bleach into
the sieve with Pasteur pipettes. After 1 minute of bleaching, the eggs were
washed with PBS in the remaining four wells for 30 seconds each along with
continuous agitation as before.
Microinjection
The eggs were either injected under oil for confocal imaging or under air for
SPIM. For confocal imaging, the eggs were picked up with a very soft brush
and lined on the center of a square cover slip that is stuck to a glass slide using
a water drop. Once the eggs dry and stick to the cover slip they were covered
with Halocarbon oil (Sigma 700). Microinjections were done with silver Sigma
needles and using an Eppendorf injector. The needle was inserted from the
anterior pole of the egg up to one third of the egg length and the eggs were
injected till a little yolk droplet is seen. The coverslip was then stuck to a glass
bottom petridish from which the coverslip was previously removed. The eggs
were then incubated at 32◦C or 25◦C till imaging.
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The microinjection protocol was specially modified for imaging with SPIM.
In SPIM the eggs are imaged under water and therefore they cannot be covered
with oil during microinjections. The halocarbon oil prevents eggs from drying
and also allows gaseous exchange. For transgenesis, the eggs are typically
injected under air and then incubated in humid chambers. Further the injected
eggs need to be picked up with a brush and mounted in agar using capillaries
as per standard SPIM protocols. The combined effect of drying out during air
injections and them mechanical stress during removal form slide and mounting
ensured that we had very little to zero survival of embryos during imaging.
In order to ensure maximum humidity and minimum mechanical stress, we
started injecting eggs that were lined on agar beds. About 750 µl of 1% agar
in PBS was poured onto a glass slide lengthwise. Eggs were lined in a little
water on the agar bed with their anterior pole facing outwards. The eggs upon
drying a little stick to the agar. The slide was then placed in a humid chamber
till the time of injection. The eggs were quickly injected in air and again
incubated in the humid chamber till mounting in the capillaries. The eggs are
removed from the agar bed by pouring a little water as they start floating. The
injection mixture consisted of capped mRNA for single or double labelling and
mixed with dsRNA for knockdowns. The concentrations of each component was
adjusted such the H2B::RFP was 1-2 ug/ul final concentration, LifeAct::GFP
0.5-1 µg/µl , Sqsh::GFP 2.5-3 µg/µl and GAP43::YFP was 1.5-2 µg/µl across
experiments. The dsRNA for Tc-zen, Tc-caudal and Tc-doc knockdowns was
1µg/µl final concentration in the injection mix.
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Confocal
Confocal time lapses were taken on Zeiss 780 microscope or Zeiss 880 micro-
scope using 25X and 40X multi immersion objective. The eggs were either
imaged under halocarbon oil (SIGMA, CAS Number 9002-83-9) or under water
in glass bottom petridishes.
SPIM
The Zeiss LZ1 was used for SPIM imaging of Tribolium embryogenesis. Trans-
genic or mRNA injected eggs were mounted in capillaries in 1% agar and
fluorescent bead solution. The protocol was adapted from standard Drosophila
SPIM imaging [Schmied and Tomancak, 2016]. Detailed SPIM imaging proto-
col that modified for injected Tribolium embryos is described in Chapter-2.
FRAP Analysis
Timelapse images were collected for different developmental stages of em-
bryos from the TcSquash::GFP transgenic line at 1 sec frame rate. The images
were stabilized for drift and cable movement using the template matching Fiji
plugin. The cable was then straightened using the volume manager plugin de-
veloped by the scientific imaging facility at MPI-CBG. Finally the images were
analysed for FRAP using a Matlab code written by Mr. Arghyadip Mukherjee
(Grill, lab).
Laser ablations
Tensions in the actin cable were estimated by cutting the cable using laser
ablations. The Zeiss 780 inverted microscope and 800 nm pulsed infrared laser
were used for making the cuts.
The sample was imaged in water by a 40X dipping water objective and the
zoom was fixed at 1X, 2X or 2.5X to focus the cable in distinct experiments.
The acquisition frame was set at 800x550 pixel and ablation was done in an
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ellipse of about 75X10 pixel in serosa cuts. The pixel size was around 0.20 µm
and 0.08µm respectively. The ablation was performed in the 4th frame after
3 pre-bleach frames were acquired using 80% of infrared laser and 6x speed.
The quantifications were done from the 5th frame onwards by tracking the
edges of the ablated tissue using manual tracking by trackmate plugin in Fiji.
The speeds of membrane retraction post ablation were then plotted using R.
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Serosa cells undergo passive intercalations and
exchange their neighbours
The serosa shows dramatic expansion and ends up covering the entire
embryo. I had observed that cells in the dorsal region of the embryo increase
their apical areas from Stage 1-3 but not at Stage 4. This indicated that
probably the cells in the later stages show rearrangements via intercalations.
The neighbour exchange of cells occurs through T1 transitions. Therefore, I
tracked a few serosa cells at the dorsal region of the embryo and near the
posterior pole from Stage 2 till serosa window closure. The individual cells were
tracked over time using manual tracking plugin in Fiji (Fig A.1, highlighted
cells). I observed that several serosa cells exchange their neighbours during
the course of serosa window closure in both the dorsal and the ventral region.
The cells in the posterior and ventral region arranged more linearly with
time and seem to elongate the serosa in the anterior - posterior direction (Fig
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A.1, region marked by a red ellipse). However, these intercalations appear
to be passive since I did not observe any Myosin enrichment to mediate the
intercalations through short and transient myosin cable formations which can
aid in T1 transitions.
Figure A.1: Serosa cells show passive intercalations. The figure shows 2D projections
from a 4D SPIM movie of embryos labelled with LifeAct::eGFP. The colored dots correspond to
individual cells which were manually tracked over time. The red ellipse points to elongation of
the tissue region formed by the marked cells.
High resolution images of 2D map projections
The 4D imaging movies acquired with the Zeiss LZ1 are extremely high
resolution and size heavy datasets. To visualise the data in 2D and for easy
downstream analysis, I have projected the 3D datasets into 2D cartographic
projections, as explained in Chapter II. In this section, I have added full page
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images of a few datasets as an example of the spatial quality. The first six
images are from a time-series of 2D map projections from a fused SPIM movie
of a transgenic Tribolium embryo that uniformly expresses H2A::GFP (Kindly
provided to us by Peter Kitzmann, Bucher lab). The movie covers about 13 hrs
of development at 22◦C (also shown in Fig 2.10).
The next two images are from a 2D projection of a transgenic Tribolium
embryo labelled with LifeAct::eGFP. Images are depth coded with cyan rep-
resenting the surface layer of the embryo and magenta showing the deeper
underlying layers.
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Figure A.2:
2D projection of a 3D reconstructed embryo labelled with Hist2A::GFP athe
uniform blastoderm stage
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2D
projection of a 3D reconstructed embryo labelled with Hist2A::GFP
at differentiated blastoderm stage
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2D
projection of a 3D reconstructed embryo labelled with Hist2A::GFP
at the posterior amniotic fold formation stage
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2D
projection of a 3D reconstructed embryo labelled with Hist2A::GFP
at horseshoe amniotic fold stage
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2D
projection of a 3D reconstructed embryo labelled with Hist2A::GFP
at oval serosa window stage
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2D
projection of a 3D reconstructed embryo labelled with Hist2A::GFP
germband extension stage
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Figure A.3:
2D projection of a 3D reconstructed embryo labelled with LifeAct::GFP to
shows that the cable lags behind the involuting amnion
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2D
projection of a 3D reconstructed embryo labelled with LifeAct::GFP
to shows that the cable lags behind the involuting amnion
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